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FOREWORD 

This is the final report of the program completed by the Lockheed- 
California Company and the Lockheed-Georgia Company, ''Study of Utilization 01 
Advanced Composites in Fuselage Structures of Large Transports". This program 
was conducted from June 1983 through May 1984. This work was sponsored by the 
National Aeronautics and Space Administration (NASA) Langley Research Center 
and the Air Force Wright Aeronautical Laboratories (AFWAL). The engineering 
manager for Lockheed was Mr. Anthony C. Jackson. Mr. Herman L. Bohon was the 
project manager for NASA Langley. The technical representative for NASA 
Langley was Mr. .Jon Pyle and the technical representative for AFWAL USAF 
was Mr. James L. Mullineaux. 
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STUDY OF UTILIZATION OF ADVANCED COMPOSITES 
I N  FUSELAGE STRUCTURES OF LARGE TRANSPORTS , 

FINAL REPORT 

A.C. Jackson,  M.C. Campion, and G. P e i  

SUMMARY 

A s tudy  w a s  performed t o  p l a n  t h e  e f f o r t  r equ i r ed  by t h e  t r a n s p o r t  a i r -  
c r a f t  manufacturers  t o  suppor t  t h e  in t roduc t ion  of advanced composite materials 
i n t o  t h e  f u s e l a g e  s t r u c t u r e  of f u t u r e  commercial and m i l i t a r y  t ransp.or t  a i r -  
craf t .  
a s ses sed  t h e  p o t e n t i a l  b e n e f i t s  t o  m i l i t a r y  l i f e - c y c l e  c o s t s  and commercial 
ope ra t ing  c o s t s ,  and def ined  a p lan  to  develop t h e  technology and confidelice 
needed t o  commit t o  product ion  of composite fuse l ages  f o r  l a r g e  t r a n s p o r t  a i r -  
c r a f t  i n  t h e  1990 ' s .  

The s tudy  i d e n t i f i e d  t h e  technology i s s u e s  which must be r e so lved ,  

The s tudy  program cons i s t ed  of th ree  over lapping  phases:  (1 )  Technology 
Assessment, (2)  P l ans  Development and (3)  Program Schedule and Resource 
Requirements. 

The o b j e c t i v e s  of t h e  Technology Assessment phase were t h r e e f o l d .  The 
first o b j e c t i v e  w a s  t o  assess t h e  s ta te -of - the-ar t  i n  composites technology 
as a p p l i c a b l e  t o  fuse l age  s t r u c t u r e s  a n d . t o  i d e n t i f y  and p r i o r i t i z e  t h e  tcch-  
nology i s sues  t o  be reso lved .  
e x t e n t  of v e r i f i c a t i o n  t e s t i n g  requi red  t o  provide  confidence t h a t  t h e  tech-  
nology i s  a t  hand t o  suppor t  a dec is ion  t o  commit t o  t h e  product ion  of com- 
p o s i t e  fuse l ages .  The v e r i f i c a t i o n  test o p t i o n s  ranged from f u s e l a g e  pane l  
tests through f u l l - s c a l e  fuse l age  t e s t i n g .  The t h i r d  o b j e c t i v e  w a s  t o  iden- 
t i f y  t h e  major c o s t  b e n e f i t s  t o  be  der'ived from t h e  a p p l i c a t i o n  of composites 
t o  t h e  f u s e l a g e  s t r u c t u r e s  of both m i l i t a r y  and commercial l a r g e  t r a n s p o r t  
a i r p l a n e s .  

The second o b j e c t i v e  w a s  t o  determine t h e  

The key technology i s s u e s  were def ined and a s ses sed .  The most urgent  . 
i s s u e s  are: impact dynamics, acous t i c  t r ansmiss ion ,  p r e s s u r e  contalnment and 
damage t o l e r a n c e ,  p o s t  buckl ing ,  cut-outs  and j o i n t s  and s p l i c e s .  

The assessment of t h e  program opt ions i d e n t i f i e d  t h e  most c o s t - e f f e c t i v e  
minimum r i s k  program t o  be t o  provide demonst ra t ion  w i t h  t h e  ground test o f  a 
f u l l - s c a l e  fuse l age  b a r r e l  s e c t i o n .  

Analyses w e r e  performed t o  determine t h e  commercial o p e r a t i n g  c o s t s  and 
t h e  m i l i t a r y  l i f e - c y c l e  c o s t s  f o r  the composite a i r p l a n e  compared w i t h  a con- 
v e n t i o n a l  aluminum a i r p l a n e  and an  advanced. aluminum a i r p l a n e .  The commercial 
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composite a i r p l a n e  showed a r e d u c t i o n  of  8.1 pe rcen t  i n  d i r e c t  o p e r a t i n g  c o s t s  
compared w i t h  t h e  convent iona l  aluminum b a s e l i n e  and 6.0 pe rcen t  compared w i t h  
t h e  advanced aluminum a i r p l a n e .  The m i l i t a r y  composi te  a i r p l a n e  showed a 
10.2 pe rcen t  reduct ion  i n  l i f e - c y c l e  c o s t s  compared w i t h  t h e  convent iona l  a lu-  
minum b a s e l i n e  and 8.0 pe rcen t  compared w i t h  t h e  advanced aluminum a i r p l a n e .  

The procurement c o s t  f o r  t h e  a l l  composite a i r p l a n e  w a s  approximately 
5 pe rcen t  less than t h e  convent iona l  aluminum f o r  bo th  m i l i t a r y  and commercial. 
However when the e f f e c t s  of automated f a b r i c a t i o n  w e r e  inc luded  t h i s  s av ings  
inc reased  t o  approximately 11 pe rcen t .  Fue l  s av ings  of approximately 14 per- 
cen t  were shown for  bo th  t h e  m i l i t a r y  and commercial composite a i r p l a n e s  com- 
pared w i t h  t h e  convent ional  aluminum a i r p l a n e s .  

The composite fuse l age  a lone  p rov ides  a f u e l  s av ing  of between 4.5  and 
5 . 3  percen t  compared t o  t h e  convent ional  aluminum b a s e l i n e s .  

The primary o b j e c t i v e  of t h e  P lan  Development phose w a s  t o  develop ; I  pro- 
gram p l a n  which, i f  implemented, would develop t h e  eng inee r ing  and mnnuf;iitur i n x  
technology requi red  t o  provide  confidence i n  t h e  use  of advanced composite strut.- 
t u r e s  f o r  fuse l ages  of f u t u r e  t r a n s p o r t  a i r c r a f t .  

Th i s  program c o n s i s t s  of s i x  t e c h n i c a l  phases  cu lmina t ing  t h e  f a b r i c a -  
t i o n  and ground t e s t  of a f u l l - s c a l e  fuse l age  b a r r e l  s e c t i o n .  The phases  are:  
d e t a i l  des ign ,  manufacturing development, des ign  development t e s t i n g ,  t o o l  
des ign  and f a b r i c a t i o n ,  b a r r e l  f a b r i c a t i o n  and v a l i d a t i o n  t e s t i n g  of t h e  b a r r e l  
sect ion .  

P re l imina ry  design and concept  e v a l u a t i o n  t r a d e  s t u d i e s  w e r e  performed t o  
d e f i n e  t h e  probable  s t r u c t u r a l  c o n f i g u r a t i o n s  of a composite f u s e l a g e  f o r  t h e  
commercial and m i l i t a r y  a i r p l a n e s . .  The r e s u l t s  of t h e  t r a d e  s t u d i e s  i n d i c a t e d  
a d i s c r e t e l y  s t i f f e n e d  s k i n ,  u s ing  b l ade  o r  j a y  type  s t i f f e n e r s ,  o r  an o r thogr id  
des ign  t o  be  t h e  most s t r u c t u r a l l y  and c o s t  e f f i c i e n t  concepts .  

The Program Schedule and R-csource Requirements phase had t h e  o b j e c t i v e s  
of determining the schedule  and r e sources  f o r  t h e  proposed program. 

The o v e r a l l  program requ i r ed  t o  develop t h e  technology and d a t a  needed t o  
suppor t  t h e  in t roduc t ion  of advanced composite m a t e r i a l s  i n  t h e  fuse l age  s t r u c -  
t u r e  of f u t u r e  commercial and m i l i t a r y  t r a n s p o r t  a i r p l a n e s  h a s  been de f ined  
and t h e  r e l a t i o n s h i p  of t h e  on-going and planned programs h a s  been i d e n t i f i e d .  
The Fuse lage  Technology Demonstration program ex tends  from approximately 1987 
t o  1992. The es t imated  c o s t  of t h e  engineering/manufacturing e f f o r t  is 
approximately 278 man y e a r s  i nc lud ing  program management. 

INTRODUCTION , 

The Nat iona l  Aeronaut ics  and Space Admin i s t r a t ion  (NASA) Langely Research 
Cen te r ,  through the Ai rcraf t  Energy E f f i c i e n c y  (ACEE) composi tes  program, h a s  
provided t h e  t r a n s p o r t  a i r c r a f t  manufac turers ,  t h e  FAA, and t h e  a i r l i n e s  wi th  
t h e  expe r i ence  and conf idence  i n  advanced composite s t r u c t u r e s  needed f o r  
e x t e n s i v e  use  i n  secondary and medium primary components of f u t u r e  l a r g e  com- 
mercial and m i l i t a r y  a i r c r a f t .  
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In 1981 NASA embarked on a program to develop the key technologies needed 
to lead to the introduction of advanced composite wing primary structures for 
large transport aircraft. Major drivers, both technical and programmatic, which 
challenge the application of composites to fuselage primary structures are 
significantly different from those for wing structures. The potential benefits 
must be assessed since the fuselage comprises about 33 percent of the struc- 
tural weight of transport aircraft; a weight savings of 20 to 25 percent over 
current metal designs could significantly improve fuel efficiency and the range 
capability of the aircraft. To evaluate the merits of commercial and military 
transports, NASA and the USAF have supported studies by the three major nanufac- 
turers, Lockheed, Boeing, and McDonnell Douglas, to assess the state-of-the-art 
and to evolve a technology development plan to accomplish the transition from 
current construction materials and practices to the extensive use of composites 
in fuselages of aircraft by 1990. 

The duration of the program was 11-112 months. T h e  master schedule is 
shown in Figure 1. 

This study has defined the technology issues which must be addressed, 
evaluated the program options, and defined a plan leading to the introduction 
of advanced composites in the fuselage structure of large transport aircraI't 
in the 1990s. The schedule and the resource requirements to achieve these 
ends have been identified. The study also defined the expected benefits of 
applying advanced composites to both military and commercial transport 
fuselages. 

ABBREVIATIONS AND SYMBOLS 

A/C 
ACEE 
ACMA 
ACSDT 
AEHP 
AFWAL 
At 
ASS ET 
C IM 
dBA 
DOC 
DoD 
DOT 
f 
F 
FAA 
FAR 
FS 
g 
G6A 
GASP 

Aircraft 
Aircraft Energy Efficiency 
Advanced CivilIMilitary Aircraft 
Advanced Composite Structures Design Technology 
Atmospheric Electricity Hazards Program 
Air Force Wright Aeronautical Laboratories 
Aluminum 
Advanced Systems Synthesis and Evaluation Technique 
Computer Integrated Manufacturing 
Decibels ("A" weighted) 
Direct Operating Costs 
Department of Defense 
Department of Transportation 
Stress 
Fahrenheit 
Federal Aviation Administration 
Federal Aviation Regulations 
Fuselage Station 
Gravity 
General and Administrative 
General Aircraft Sizing Program 
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Cr /EP 
Gt 
HPLC 
IO c 
IR 
KEAS 
LCC 
LO I 
L&R 
El. 
M&P 
NASA 
N 
NBS 

NDT 
N .M 
0 and S 
P 
PEEK 
PSI 
q 
SA 
R 
RIM 
ROI 
RR IM 
R and T 
RDT&E 
RTD 
RTM 
TOC 
UF 
USAF 
WL 
ZFW 
3 -D 
SM 

NDE /ND I 

SUBSCRIPTS 

cr 
ult 

Y 
XY 

X 

Craphf te/Epoxy 
Shear stif fncss (Shear modulus x thickness) 
High Pressure Liquid Chromatography 
Indirect Operating Costs 
Inf ra-Red 
Knots Equivalent Air Speed 
Life Cycle Costs 
Limiting Oxygen Index 
Left and Right 
Mach Number 
Materials and Processes 
National Aeronautics and Space Administration 
Load /inch 
National Bureau of Standards 
Non-Destructive Evaluation/Non-Destructive Inspection 
Non-Destructive Test 
Nautical Miles 
Operation and Support (Cost) 
Pressure 
Polyetheretherketone 
Pounds per Square Inch 
Shear Flow 
Q u a l i t y  Assurance 
Rad ius 
Resin Injection Molding 
Return on Investment 
Reinforced Reaction Inject ion Molding 
Research and Test 
Research Development Test and Evaluation 
Room Temperature, Dry 
Resin Transfer Molding 
Total Operating Costs 
Ultimate Factor 
United States Air Force 
Water Line 
Zero Fuel Weight 
Three Dimensional 
Million Dollars 

critical 
ultimate 
longitudinal (fore and aft) direction 
hoop direction 
shear direction 
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1. TECHNOLOGY ASSESSMENT 

T h i s  phase of t h e  program c o n s i s t e d  of t h r e e  t a s k s .  The f i r s t  t a s k ,  
Technology I s s u e s ,  involved an  assessment  of t h e  s t a t e -o f - the -a r t  i n  compos- 
i t e s  technology as a p p l i c a b l e  t o  f u s e l a g e  s t r u c t u r e s  of l a r g e  commercial and 
m i l i t a r y  t r a n s p o r t  a i r c r a f t .  The second t a s k ,  Program Opt ions ,  involved 
d e f i n i t i o n  and eva lua t ion  of t h e  v a r i o u s  o p t i o n s  a v a i l a b l e  t o  ach ieve  produc- 
t i o n  r e a d i n e s s  by 1990. The t h i r d  t a s k  i n  t h i s  phase was M i l i t a r y  Transpor t  
B e n e f i t s .  Analyses were performed t o  i d e n t i f y  both  t h e  m i l i t a r y  and t h e  
commercial b e n e f i t s  t o  be de r ived  from t h e  a p p l i c a t i o n  of composites t o  l a r g e  
t r a n s p o r t  a i r c r a f t  fu se l ages .  

1.1 Technology I s s u e s  

A l is t  of t h e  technology issues was assembled from t h e  i n p u t s  of s p e c i a l -  
ists i n  t h e  v a r i o u s  d i s c i p l i n e s  w i t h i n  Engineer ing ,  Manufactur ing,  and Qua l i ty  
Assurance.  The l i s t  is  shown i n  Table  1. A p a r a l l e l  review of t h e  s p e c i f i -  
c a l l y  m i l i t a r y  technology i s s u e s  w a s  performed. Bat t le  damage and r e p a i r ,  
s e r v i c e  damage i n  t h e  r i g o r o u s  m i l i t a r y  environment ,  and t h e  problems of h igh  
load  i n p u t  from such sources  as l and ing  gear  and cargo  drop doors  w e r e  i d e n t i -  
f i e d  as s i g n i f i c a n t  i s s u e s  f o r  m i l i t a r y  a i rcraf t .  
d i scussed  i n  Sec t ion  1 . 1 . 1 3 .  

The m i l i t a r y  i s s u e s  are  

A l i t e r a t u r e  search w a s  performed t o  de te rmine  t h e  s t a t e -o f - the -a r t  Tor 
t h e  i s s u e s  i d e n t i f i e d .  The d a t a  f i l e s  searched inc luded:  Ilefcnse ‘reclinical 
Informat ion  Cen te r ,  NASA, Na t iona l  Technical  Informat ion  S e r v i c e s ,  Transpor ta -  
t i o n  Research Information Exchange ( D O T ) ,  S C I  Search ,  Smithsonian Sc ience  
Informat ion  Exchange, F r o s t  and S u l l i v a n  Defense Market,  and Compendex (Engi- 
nee r ing  Index,  N .Y .) . 

TABLE 1. - TECHNOLOGY ISSUES 

General 
0 Impact dynamics 
0 Acoustic transmission 
0 Joints and splices 
0 Pressure containment 
0 Post-buckling 
a Shell cutouts 
0 Automated manufacturing 
0 Processing science 
0 Electromagnetic effects 
0 Repair 
0 NDE/NDI 
0 Flame/smoke 

Unique to military aircraft 

0 Battle damage 
0 Concentrated high loads from 

- Fuseiagemounted lending gear 
- Cargo drop doors 
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The r e s u l t s  of t h e  assessment of t h e  s t a t e -o f - the -a r t  and t h e  i n d i c a t e d  
technology vo ids  are shown i n  Table 2.  

The i s s u e s  were reviewed and ranked accord ing  t o  t h e  urgency of t h e i r  
r e s o l u t i o n  and t h e  complexity of the s o l u t i o n .  The r e s u l t s  are shown i n  
Table  3 .  The number 1 i n d i c a t e s  the h i g h e s t  urgency a n d ' t h e  most complex. 

The urgency ranking is  based on f a c t o r s  which must be reso lved  b e f o r e  a 
product ion  des ign  commitment can be made and on t h e  r e l a t i o n s h i p  of t h e  p a r t i -  
c u l a r  technology i s s u e  t o  o t h e r  i s sues .  The complexity ranking i s  based on t h e  
amount of e f f o r t  which may be  required t o  f i n d  a c o s t - e f f e c t i v e  s o l u t i o n .  

Impact dynamics ranks  as t h e  most urgent  because i t s  r e s o l u t i o n  may 
a f f e c t  t h e  b a s i c  s t r u c t u r a l  concepts of t h e  lower fuse l age  s h e l l .  The complex- 
i t y  ranking  i s  based on t h e  poss ib l e  need f o r  f u l l - s c a l e  demonstrat ion.  I t  i s  
a s i g n i f i c a n t  i s s u e  because of i t s  possible impact on c o s t  and weight .  T e s t s  
have shown t h a t  Gr /Ep systems,  being b r i t t l e ,  cannot absorb energy t o  the. same 
e x t e n t  as aluminum. Hybridizing with f i b e r g l a s s  o r  Kevlar 49  shows improvement 
but  i n d i c a t i o n s  are t h a t  t h e  s t r u c t u r e  must .be designed t o  be energy absorbent  
i n  t h e  manner i n  which i t  c rushes  and deforms. This  approach impl i e s  weight  
and c o s t  i nc reases .  

Acous t ic  t ransmiss ion  i s  considered urgent  because t h e  magnitude of t h e  
problem must s t i l l  be def ined .  The complexity r a t i n g  i s  based on t h e  assump- 
t i o n  t h a t  t h e  problem is major and would r e q u i r e  s o l u t i o n s  beyond s imple i n t e r i o r  
t r ea tmen t s .  The s i g n i f i c a n c e  of t h i s  i s s u e  is  t h e  r e l a t i o n s h i p  between t h e  
i n t e r i o r  n o i s e  level and t h e  mass of t h e  f u s e l a g e  s h e l l .  Unless an e f f e c t i v e  
s o l u t i o n  can be found, i t  may be necessary t o  add back t h e  weight saved i n  t h e  
f u s e l a g e  s h e l l  as i n t e r i o r  a c o u s t i c  t r ea tmen t ,  t hus  nega t ing  any b e n e f i t s  from 
t h e  use  of advanced composites.  

J o i n t s  and s p l i c e s  a r e  urgent  from t h e  p o i n t  of view of t h e  frame-to-skin 
j o i n t s  and t h e  ques t ion  of whether some kind of mechanical a t tachment  i s  
requ i r ed  along wi th  bonding. The complexity i s s u e  he re  p e r t a i n s  t o  t h e  reduc- 
t i o n  of manufacturing c o s t s .  Large f u s e l a g e  s h e l l s  w i l l  no t  be f a b r i c a t e d  i n  
one p i e c e  bu t  i n  l a r g e  cocured assemblies  which must then bc jo ined  t o g e t h e r  
t o  form t h e  complete s h e l l .  The s i g n i f i c a n c e  of t h i s  i s s u e  involves  t h e ' f a c t  
t h a t  many of  t h e  j o i n t s  w i l l  be car ry ing  h igh  m u l t i d i r e c t i o n a l  l oads  and out- 
of-plane loads  from p r e s s u r i z a t i o n  e f f e c t s .  E f f i c i e n t ,  r e l i a b l e  j o i n i n g  tech- 
n iques  and a n a l y t i c a l  c a p a b i l i t i e s  are e s s e n t i a l .  

P r e s s u r e  containment is ranked f o u r t h  on t h e  urgency l i s t  od t h e  b a s i s  of 
f a i l - s a f e  des ign  a s p e c t s  r a t h e r  than b a s i c  s h e l l  des ign  o r  damage t o l e r a n c e ,  
which are broadly  included i n  t h i s  ca tegory .  Damage t o l e r a n c e  is  a l r e a d y  
r e c e i v i n g  much a t t e n t i o n  on o t h e r  programs. F a i l - s a f e  des ign  is complex, p a r t i c -  
u l a r l y  from t h e  manufactur ing c o s t  a spec t s .  
i s s u e  relates t o  main ta in ing  t h e  pressure  i n t e g r i t y  of t h e  f u s e l a g e  from t h e  
s a f e t y  and s u p p o r t a b i l i t y  viewpoints.  Thus f a i l - s a f e  des igns  must b e  v e r i f i e d  
and damage t o l e r a n c e  must be  such as t o  minimize s u p p o r t a b i l i t y  requi rements .  

The main s i g n i f i c a n c e  of  t h i s  
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‘TABl~b~ 2 .  - SUMMAKY 01‘ ‘IECIINOLO(:Y ASSESSMENT 

Hybrid designs using fiberglass and Kevlar along with 
graphite are able to  increase the enrgy absorption capabil- 
i ty  of the graphite. 

State Of The Art I Technology Voids 

Impact Dynamics 
I 

Test data for large composite structures. 

Material characterization and crushing tests have 
demonstrated that advanced composite materials cannot 
absorb as much energy as metals. 

Helicopters have been built with special energy absorbent 
lower fuselages. 

Development of structural concepts for large aircraft that 
are capable of absorbing energy and efficiently carrying 
structural loads. 

Predictive methodology for impact dynamics of composite 
structures. 

Methods are aveilable for the prediction of passenger 
compartment noise in metallic fuselages caused by prop 
fans and turbo fans 

Interior treatemnts are available to  reduce passenger 
compartment noise a t  a weight penalty. 

Limited test data are available’for composite panels; no 
data exist f,er cylindrical composite structures. 

~~~ ~ ~~ 

Analytical methods for the prediction of noise levels inside 
composite fuselages, particularly due to boundary layer 
noise. 

Effective treatments to  reduce interior noise in a composite 
fuselage which would not negate most or a l l  of the weight 
savings of composites over metals. 

Joints and Splices I ~~ 

~ 

Analysis methods are available for bolted and bonded 
joints under uniaxial loads although biaxial analysis 
capability is limited. 

Design concepts for highly loaded joints in wings have 
been developed. 

Lightly loaded joints are designed with high safety factor. 

Analysis methods for joints under biaxial loads and 
pressure. 

h i n t  optimization techniques. 

Pressure Containment I 
Methods are available based on metals technology for: 

Mechanical fasteners skin-to-frame 

Plug doors 

Fail-safe straps 

A large amount of work has been accomplished in damage 
tolerance of composite structures but not regarding the 
effect of damage on pressure containment. 

Effects of pressure on skin-to-frame interfaces. 

Damage tolerance under pressure cycling. 

Fail-safe criteria and design concepts for composite fuselage. 
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Shear panels have been designed and tested to q/qcr> 5.0 
for flat and curved panels. 

Analysis methods are under development. 

Flat and curved panels have been built and tested to 
evaluate compression postbuckling for large diameter shells. 

Stiffener configurations for postbuckled design have been 
established. 

TABLE 2 .  - SUMMARY OF TECHNOLOGY ASSESSMENT (CONTINUED) 

Effects of repeated buckling on skin to  stringer and skin-to- 
frame interfaces. 

Cost-effective design approaches to  prevent separation of 
skin and stringers. 

Effects of buckling on damage tolerance. 

Primarily manual methods are used at present. 

Cutout design and reinforcement is handled on an individual 
case-by-case basis. 

Processing of feedback. 

Systematic approach to reinforcement design for large 
cutouts and window belts. 

Effects of interlaminar stresses at  edges under complex 
loads. 

Chemical analysis techniques are available for standard 
resin systems. 

- HPLC,IR 

Test procedures and mathematical models are available for 
viscosity/flow characteristics. 

In-process cure cycle monitoring through dielectric 
measurement is under development. 

Specific procedures and requirements for new resins. 

Implementation of closed-loop processing systems using 
dielectric monitoring. 

Islands of automation exist with single function machines - 
primarily mechanized systems. 

Limited automated material handling capabilities exist. 

Computer-aided cure monitoring is available. 

Degree of automation varies from manufacturer to 
manufacturer. 

Automated cure control. 

Flexible manufacturing systems are needed, i.e., 

Distributed numerical control 
Automated material handling 
Grouping tech nology 

Lightning protection methods for structural components 
are well defined and well tested. 

Electromagnetic interference shielding has been 
demonstrated for military airplanes (fighters). 

Effects of lightning strikes on digital electronic systems and 
fly-by-wire systems in composite shells. 
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TABLE 2. - SUMMARY OF TECHNOLOGY ASSESSMENT (CONTINUED) 

Ultrasonics - computer controlled contour following 
and data acquisition. Two types of systems - Signal 
enhancing systems and imaging systems - are available. 

Acousto-sonics - combination of acoustic emission 
and ultrasonics 

Radiography 

Laser-sonics - being developed for fietd repair. 

. 

State Of The Art I Technology Voids 

Defect evaluation. 

Repair 
_ _ _ _ ~ ~  

Repairs have been developed for specific components in  1 Bonding techniques for reliable high strength repairs. 

Repairs of large diameter pressure shells. I military service and for commercial secondary structures, 
control surfaces and empennage. 

Repair guide is available. 

Field level and depot level repairs are being developed. 

Yost repairs for lightly loaded structures are both bolted 
and bonded. 

I -  

Non-Destructive Evaluation/inspect(on 

The available inspection methods include: Determination of bondline strength. 1 

Hazards have been assessed using airplane statistics on 
accidents and fires. 

Simulation capabilities include: 

- C-133 cabin fire simulator 

- McDonnell Douglas Test Chamber 

Measure men t capabilities I nclude: 

- FAR 25.853 flammability requirements 
- Limiting oxygen index (LO11 tests 

Accurate hazard determination model. 

Accepted test procedure for flammability of exterior 
materials. 

Simulation or experience with composite fuselages in the 
areas of fire start and spread through fuselage and smoke 
and toxin generation and spread. 

- NBS smoke chamber tests 

- Animal toxicity tests 
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TABLE 3 .  - RANKING OF URGENCY AND COMPLEXITY OF TECHNOLOGY ISSUES 

Impact dynamics 

Acoustic transmission 

Joints and splices 

Pressure containment 

Post buckling 

Shell cutouts 

Automated manufacturing 

Processing science 

Electromagnetic effects 

Repair 

NDEINDI 

Flarnelsmoke 

Urgency 

1 

1 

1 

1 

1 

1 

2 

2 

3 

3 
3 

3 

Complexity 

1 

1 

' 2  

2 

2 

2 

1 

3 

4 

3 
2 

4 
I 

Post-buckl ing impacts o t h e r  i s sues  such as p r e s s u r e  containment and j o i n t s  
The s i g n i f i a n c e  of this i s s u e  re la tes  i n  p a r t i c u l a r  t o  fuse l ages .  and s p l i c e s .  

Aluminum f u s e l a g e  s t r u c t u r e s  are  designed t o  o p e r a t e  i n  t h e  post-buckled 
range.  
are a l s o  designed t o  o p e r a t e  i n  t h e  post-buckled range. 

Advanced composite s t r u c t u r e s  can only  be  weight  e f f e c t i v e  i f  they 

S h e l l  c u t o u t s  and re inforcements  can a f f e c t  t h e  b a s i c  s h e l l  d e s i g n ,  par- 
t i c u l a r l y  f o r  passenger  a i r c r a f t ,  and may impact f a b r i c a t i o n  methods. T h e  
main s i g n i f i c a n c e  of t h i s  i s s u e  is the impact on c o s t  and weight  of f i n d i n g  an 
e f f i c i e n t  r e l i a b l e  approach t o  r e i n f o r c i n g  s t r u c t u r e  around t h e  m u l t i p l i c i t y  
of Eutouts  t y p i c a l  of t r a n s p o r t  a i r c r a f t  fu se l ages .  

Automated manufactur ing is  pr imar i ly  a ques t ion  of f l e x i b l e  automation.  
Th i s  e s s e n t i a l l y  n e c e s s i t a t e s  mul t i func t iona l  machines which can be r a p i d l y  
changed from one ope ra t ion  t o  another  r a t h e r  than  hard system r o b o t i c s ,  which 
are only  c o s t - e f f e c t i v e  f o r  high-volume product ion  l i n e s .  Most t r a n s p o r t  a i r -  
p lane  product ion  i s  on t h e  o r d e r  of two t o  f o u r  c r a f t  p e r  month. Because t h e  
need d a t e  is  some y e a r s  away, t h e  s o l u t i o n ,  wh i l e  complex, i s  no t  urgent .  The 
s o l u t i o n  of  t h i s  i s s u e  rests mainly on t h e  commercial a v a i l a b i l i t y  of t h e  
necessary  machinery. 

Process ing  s c i e n c e  i n  t h e  form of computer c o n t r o l l e d  p rocess ing  i s  being 
developed under e x i s t i n g  programs and should be  r e l a t i v e l y  w e l l  e s t a b l i s h e d  by 
t h e  need d a t e s  f o r  fuse l ages .  The s i g n i f i c a n c e  of t h i s  i s s u e  re la tes  t o  
improved r e l i a b i l i t y  and much reduced s c r a p  due t o  p rocess ing  problems. 

Elec t romagnet ic  e f f e c t s  are being addressed  under o t h e r  programs, most 
no tab ly  a mult iagency program w i t h  Boeing. Th i s  i s  a s i g n i f i c a n t  i s s u e  i n  



t h a t  un le s s  e f f e c t i v e  s h i e l d i n g  techniques  can be developed which are  c o s t  
and weight e f f e c t i v e ,  then  t h e  use  of advanced composites may be  s t r i c t l y  
l i m i t e d  i n  a i r p l a n e s  which i n c o r p o r a t e  d i g i t a l  a v i o n i c s  and fly-by-wire 
systems.  

R e p a i r  w i l l  not be  needed u n t i l  t h e  l a t e  e i g h t i e s  and is  t i e d  t o  NDE/NDI 
and process ing  sc ience  t o  some e x t e n t .  The main s i g n i f i c a n c e  of t h i s  i s s u e  
relates t o  t h e  development of v e r i f i a b l e  and du rab le  r e p a i r  t echniques  which 
can be  e a s i l y  performed overn ight  du r ing  r o u t i n e  maintenance. 

N D E / N D I  is  pr imar i ly  needed f o r  a s c e r t a i n i n g  bondl ine  s t r e n g t h .  As with  
manufactur ing,  the  need d a t e  is some y e a r s  away, b u t  t h e  s o l u t i o n  w i l l  be com- 
p lex .  Th i s  is  a s i g n i f i c a n t  i s s u e  because c u r r e n t  procedures  do n o t  p e r m i t  
r e l i a n c e  on a bond i n  c r i t i c a l  s t r u c t u r a l  components. Curren t  NDE/NDI tech-  
n iques  can only genera l ly  v e r i f y  t h a t  a bond e x i s t s ,  i t s  s t r e n g t h  i s  ques t ionab le .  

Flame/smoke/toxicity is p e c u l i a r  t o  a g iven  material system and i s  n o t  
regarded as  a ma,jor concern f o r  e x t e r i o r  s t r u c t u r e s  a t  t h i s  t i m e .  I t s  s i g n i -  
f i c a n c e  is  pr imar i ly  i n  i n t e r i o r  t r i m  and f u r n i s h i n g s  t o  provide  s u r v i v a b i l i t y  
f o r  occupants  i n  case of f i r e .  

A more d e t a i l e d  look a t  some of t h e  i s s u e s  follows. 

1.1.1 Impact dynamics.- A primary t echno log ica l  problem a s s o c i a t e d  w i t h  
t r a n s p o r t  a i r p l a n e s  designed wi th  advanced composite materials i s  t o  ach ieve  
energy abso rp t ion  and load-car ry ing  c a p a b i l i t i e s  comparable t o  those  of 
c u r r e n t  m e t a l  designs.  Th i s  u l t i m a t e l y  reduces t o  a need t o  develop fuse l age  
des igns  us ing  advanced materials t h a t  w i l l  p r o t e c t  t h e  occupants  of t h e  a i r -  
c r a f t  dur ing  a su rv ivab le  c ra sh  as w e l l  as, o r  b e t t e r  t han ,  c u r r e n t  metal  
des igns .  

The accepted measures of occupant p r o t e c t i o n  are:  

1. Maintaining loads a t  o r  below human t o l e r a n c e  l e v e l s .  

2.  Providing f o r  a p r o t e c t i v e  s h e l l  around t h e  occupants .  

3 .  Providing f o r  safe egress. 

4 .  Prevent ing l e t h a l  blows. 

More s p e c i f i c a l l y ,  t h e  c u r r e n t  c r a s h  des ign  requirements  f o r  t r a n s p o r t  
a i r p l a n e s  which a f f e c t  fu se l age  des ign  are s t a t e d  i n  FAR-Part 25,  paragraph 
25.561 as fol lows:  
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Emergency Landing Condit ions 

25.561 General 

( a )  The a i r p l a n e ,  a l though i t  may be damaged i n  emergency landing 
c o n d i t i o n s  on land o r  water ,  must be designed as p resc r ibed  i n  
t h i s  s e c t i o n  t o  protect:  each occupant under those cond i t ions .  

(b) The s t r u c t u r e  must be designed t o  g i v e  each occupant every reasonable  
chance of escaping s e r i o u s  i n j u r y  i n  a minor c r a s h  l and ing  when: 

(1) Proper use i s  made of seats, b e l t s ,  and a l l  o t h e r  s a f e t y  
design p r o v i s i o n s ,  

(2)  The wheels are r e t r a c t e d  (where a p p l i c a b l e ) ,  and 

(3 )  The occupant experiences t h e  fo l lowing  u l t i m a t e  i n e r t i a  
f o r c e s  a c t i n g  s e p a r a t e l y  relative t o  t h e  surrounding 
s t r u c t u r e .  

( i )  Upward - 2.0g 

( i i )  Forward - 9.Og 

( i i i )  Sideward - 1.5g 

( i v )  Downward - 4.5g, o r  any lesser f o r c e  t h a t  w i l l  n o t  
be exceeded when t h e  a i r p l a n e  abso rbs  the.  landing 
l o a d s  r e s u l t i n g  from impact w i t h  an u l t i m a t e  descen t  
v e l o c i t y  of f i v e  f p s  a t  des ign  l and ing  weight.  

(c) The suppor t ing  s t r u c t u r e  must be designed t o  r e s t r a i n ,  under 
a l l  l o a d s  up t o  those s p e c i f i e d  i n  paragraph (b) (3) of t h i s  
s e c t i o n ,  each i t e m  of mass t h a t  could i n j u r e  an occupant i f  
it came l o o s e  i n  a minor c ra sh  landing.  

The most c r u c i a l  a s p e c t  of determining s t r u c t u r a l  dynamic response f o r  a 
c r a s h  c o n d i t i o n  i s  t h e  a b i l i t y  t o  adquately r e p r e s e n t  t h e  lower f u s e l a g e  c rush  
behavior .  Typ ica l  wide-body load -de f l ec t ion  c h a r a c t e r i s t i c  d a t a  f o r  c u r r e n t  
metal  bulkheads and frames,  wh i l e  a v a i l a b l e ,  are l i m i t e d .  
way b o t h  a t  t h e  FAA and NASA t o  perform tests t o  o b t a i n  load -de f l ec t ion  
behavior  c h a r a c t e r i s t i c s  f o r  c u r r e n t  m e t a l  narrow- and wide-body a i r c r a f t  
s t r u c t u r e .  Analysis  of t h e  s t r u c t u r e  i s  planned i n  a d d i t i o n  t o  the  t e s t i n g .  
Presumably, i f  advanced materials were used i n  l i e u  o f ,  o r  i n  con junc t ion  
w i t h ,  metal s t r u c t u r e  and i f  s t r e n g t h  and load -de f l ec t ion  c h a r a c t e r i s t i c s  
were comparable, t hen  one could a n t i c i p a t e  t h a t  t h e  p o t e n t i a l  f o r  occupant 
s u r v i v a b i l i t y  would b e  equa l .  Data on t h e  behavior  of advanced composite 
materials under crash c o n d i t i o n s  a r e  needed b e f o r e  such comparisons are 
p o s s i b l e .  

E f f o r t s  are under- 
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Most of t h e  p rogres s  made s o  far i n  the s tudy  of advanccd composite 
materials under crash c o n d i t i o n s  has  been i n  t h e  automobile i n d u s t r y .  Witliin 
t h e  a i r c r a f t  i n d u s t r y ,  t he  most s i g n i f i c a n t  advances have bccn based c)n lie1 i- 
c o p t e r  des igns .  Research i n  t h e  a r e a  of impact s t r e n g t h  o €  composite matc- 
r i a l s  has  concentrated on l o c a l  impacts ( t o o l  drop,  e t c . ) ,  and r e s e a r c h  
r e l a t i n g  t o  compression f a i l u r e s  h a s  been d i r e c t e d  toward t h e  p r e d i c t i o n  of 
s t a t i c  des ign  al lowables  r a t h e r  t han  energy a b s o r p t i o n .  

A s  a r e s u l t ,  a l though a few g e n e r a l  o b s e r v a t i o n s  can b e  made r e g a r d i n g  
materials that would be a p p l i c a b l e  t o  t r a n s p o r t  a i r p l a n e  f u s e l a g e s ,  much of 
t h e  d a t a  acqu i r ed  to  d a t e  i s  n o t  r e l e v a n t  t o  l a r g e  diameter  f u s e l a g e s  because 
of t h e  des ign  and scale f a c t o r s  involved.  Composite materials are g e n e r a l l y  
less energy-absorbent than aluminum a l though  they  are a b l e  t o  resist h ighe r  
peak l o a d s  than equivalent-weight aluminum des igns .  The energy a b s o r p t i o n  
c a p a b i l i t i e s  of advanced composite materials are a f f e c t e d  somewhat by changes 
i n  layup and can be inc reased  by u s i n g  hybr id  des igns  i n c o r p o r a t i n g  combina- 
t i o n s  of d i f f e r e n t  materials. Because t r a n s p o r t  a i r c r a f t  are much deeper from 
passenger  f l o o r  t o  ground c o n t a c t  p o i n t  t han  h e l i c o p t e r s  are, they are n o t  as 
we l l - su i t ed  t o  the use of t h e  r e l a t i v e l y  s h o r t  columns, t ubes ,  and beams t h a t  
are s u f f i c i e n t  t o  p rov ide  adequate  energy a b s o r p t i o n  f o r  h e l i c o p t e r s  and 
g e n e r a l  a v i a t i o n  a i r c r a f t .  The a b i l i t y  of t he  lower f u s e l a g e  t o  s u s t a i n  
s l i d e - o u t  l o a d s  is dependent on t h e  s t r u c t u r a l  design of t h e  f u s e l a g e  as  well  
a s  t h e  materials used, and t h i s  is  ano the r  area whcrc h c l i c o p t e r  technology i s  
n o t  e a s i l y  t r a n s f e r r e d  t o  large t r a n s p o r t  a i r c r a f t  . 

It is important t o  q u a n t i f y  advanced composite material behavior  f o r  c ra sh  
impact c o n d i t i o n s  a t  d i f f e r e n t  l e v e l s  of des ign .  For example, d a t a  ob ta ined  
from element tests are d e s i r a b l e  f o r  an assessment of t h e  r e l a t i o n s h i p  between 
material d e s i g n  p r o p e r t i e s  and load-carrying c a p a b i l i t y .  S e c t i o n  tes t  d a t a  
w i l l  a l l o w  f o r  an e v a l u a t i o n  of t h e  e f f e c t s  of des ign  r e s t r a i n t s ,  m u l t i p l e  
element i n t e r a c t i o n ,  and combined load ing  on c r a s h  performance. Airframe 
tests p rov ide  t h e  oppor tun i ty  t o  v e r i f y  t h e  level of occupant p r o t e c t i o n  t h a t  
may be r e a l i z e d  from a p a r t i c u l a r  des ign .  

Another aspect  of t h e  i m p a c t  dynamics i s s u e  is  t h e  a b i l i t y  t o  analyze 
f u s e l a g e  s t r u c t u r e s  t o  determine t h e i r  c a p a b i l i t i e s  under c r a s h  c o n d i t i o n s .  
Because of t h e  extremely h igh  c o s t  of f a b r i c a t i n g  and t e s t i n g  l a r g e  s t r u c t u r e s ,  
as new d e s i g n s  a r e  developed and new materials are used, t h e  a b i l i t y  t o  
p r e d i c t  behavior  a n a l y t i c a l l y  f o r  a wide range of s t r u c t u r a l  concep t s  and/or  
v a r i a t i o n s  w i l l  become a n  economic n e c e s s i t y .  A s  a minimum it may be neces- 
s a ry  t o  o b t a i n  bas i c  data expe r imen ta l ly  and u t i l i z e  a n a l y t i c a l  procedures  t o  
determine t h e  s e n s i t i v i t y  of response t o  v a r i a t i o n s  i n  des ign  o r  load .  

The most f e a s i b l e  approach t o  ana lyz ing  t h e  c r a s h  behav io r  of a i r c ra f t  
would use experimental  s u b s t r u c t u r e  d a t a  and approximate l a r g e  f u s e l a g e  s t r u c -  
t u r e s  w i t h  s imple r e p r e s e n t a t i o n s .  Thus, t h e  development of l oad -de f l ec t ion  
d a t a  f o r  s u b s t r u c t u r a l  e lements  i s  h i g h l y  d e s i r a b l e .  Unfo r tuna te ly ,  t h e r e  has 
been r e l a t i v e l y  l i t t l e  e f f o r t  d i r e c t e d  toward t h e  a n a l y s i s  of t h e  load- 
d e f l e c t i o n  c h a r a c t e r i s t i c s  of s u b s t r u c t u r e .  
behavior  c h a r a c t e r i s t i c s  of t h e  s u b s t r u c t u r e  i s  c r i t i c a l  t o  understanding 
t h e  response of . t he  f l o o r  s t r u c t u r e  and subsequent ly  of t h e  occupants.  

An understanding of t h e  c r a s h  
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I .  1 . 2  Acoust ic  t ransmiss ion . -  -- 'l'lie use or advariccd composite m a t e r i a l s  f o r  -- -- 
a i r c r a f t  s t r u c t u r e s  o f f e r s  t h e  promise  of s i g n i f i c a n t  weight s av ings  and lower 
f a b r i c a t i o n  c o s t s  when compared t o  aluminum s t r u c t u r e s .  R e a l i z a t i o n  of t h i s  
promise may be i n h i b i t e d  by t h e  requirement t h a t  i n t e r i o r  n o i s e  l e v e l s  f o r  
composite a i r c r a f t  be comparable to c u r r e n t  wide-body aluminum a i r c r a f t .  
l e v e l  has  gene ra l ly  been i d e n t i f i e d  as 80 dBA. Curren t  wide-body aluminum 
a i r c r a f t  have r equ i r ed  n o i s e  c o n t r o l  measures t o  achieve  t h i s  n o i s e  l e v e l  and 
i t  w i l l  n o t  be an easy  t a s k  t o  match these  levels wi th  a l i g h t e r  weight 
composite fuse l age .  

T h i s  

Lower d e n s i t y  material and l o w e r  s t r u c t u r a l  damping p r o p e r t i e s  are 
6yp ica l  of graphi te /epoxy s t r u c t u r e s .  Such p r o p e r t i e s  normally r e s u l t  i n  
h ighe r  a c o u s t i c  t ransmiss ion .  Noise t r ansmiss ion  p a t h s - l e a d i n g  t o  t h e  c a b i n  
i n t e r i o r  are broadly c h a r a c t e r i z e d  as a i r b o r n e  and s t r u c t u r e  borne.  The 
a i r b o r n e  p a t h s  a r e  a s s o c i a t e d  wi th  p r o p e l l e r  n o i s e ,  engine n o i s e ,  and turbu-  
l e n t  boundary l a y e r  n o i s e .  The tu rbu len t  boundary l a y e r  is  t h e  most s i g n i f i c a n t  
a i r b o r n e  n o i s e  source  i n  modern turbofan t r a n s p o r t  a i r c r a f t .  S t ruc ture-borne  
n o i s e  is t h e  n o i s e  t r a n s m i t t e d  i n t o  t h e  cabin  by wing and empennage v i b r a t i o n s  
and c e r t a i n  mechanical systems. 

Airborne n o i s e  is  t r ansmi t t ed  i n t o  t h e  cab in  i n t e r i o r  v i a  f l e x u r a l  waves 
that are e x c i t e d  i n  t h e  f u s e l a g e  s idewa l l .  

t i o n s  and s t and ing  waves which a r e  due t o  p a r t i a l  r e f l e c t i o n s  of t r a v e l i n g  
waves a t  s t r u c t u r a l  d i s c o n t i n u i t i e s  ( v i z . ,  f rames) .  S tanding  waves are 
s t r u c t u r a l  resonances  which may bu i ld  up due t o  r epea ted  r e f l e c t i o n s  between 
s t r u c t u r a l  d i s c o n t i n u i t i e s .  

The lat ter c o n s i s t s  of t r a v e l i n g  
*.,e.Io" nUIIU ..&.4..L w.lAL.l ...-e-- uLuvc a l m g  the fuselage w a i i  w i t h  the e x t e r n a i  p r e s s u r e  f i u c t u a -  

A f l e x u r a l  wave w i l l  r a d i a t e  sound most e f f i c i e n t l y  when i t s  wave l e n g t h  
i s  g r e a t e r  than  that of t h e  sound wave it r a d i a t e s .  A wave that s a t i s f i e s  
t h i s  c o n d i t i o n  is s a i d  t o  b e  " a c o u s t i c a l l y  f a s t . "  
l e n g t h  of a f l e x u r a l  wave is  shor t e r  than that of t h e  sound wave r a d i a t e d ,  i t  
is  s a i d  t o  be  " a c o u s t i c a l l y  s low.11  
r e l a t i v e l y  e f f i c i e n t  sound r a d i a t o r s  when s t r u c t u r a l  d i s c o n t i n u i t i e s  i n t e r r u p t  
t h e  normally s i n u s o i d a l  mode shapes that are typical of f l e x u r a l  o s c i l l a t i o n s  
i n  p e r f e c t l y  uniform s t r u c t u r e s .  

Conversely,  when the wave 

Even a c o u s t i c a l l y  slow waves can b e  

Although t r a v e l i n g  waves due t o  an a c o u s t i c a l  f i e l d  a r e  always acous t i -  
c a l l y  f a s t ,  they  may o r  may not be "we11 coupled" t o  t h e  e x c i t a t i o n  f i e l d .  
Below t h e  r i n g  frequency ( t h e  frequency of t h e  fundamental e x t e n s i o n a l  o r  
"#reathing" resonant  mode of t h e  s h e l l  i n  which t h e  e n t i r e  s h e l l  expands and 
c o n t r a c t s  c i r c u m f e r e n t a i l l y ,  as a whole about  i t s  neutral p o s i t i o n )  of a 
c y l i n d e r ,  a x i a l l y  t r a v e l i n g  waves have a natural-  (o r  "free")  speed of  propaga- 
t i o n  t h a t  i s  g r e a t e r  t h a n  t h e  speed of sound i n  a i r .  There e x i s t s  an ang le  of 
i nc idence  which w i l l  make t h e  t r a c e  wave l e n g t h  of t h e  impinging sound wave on 
t h e  fuse l age  w a l l  equa l  t o  t h e  wave l e n g t h  of  a f r e e l y  t r a v e l i n g  f l e x u r a l  wave. 
This  c o n d i t i o n ,  c a l l e d  "coincidence",  r e p r e s e n t s  t h e  maximum degree  of f l e x u r a l  
wave e x c i t a t i o n  f o r  a given impinging sound l e v e l .  

The f i r s t  o rde r  of p r i o r i t y  i n  a program addres s ing  a c o u s t i c  t r ansmiss ion  
through composite s h e l l s  i s  t o  determine t h e  magnitude of t h e  problem which 
e x i s t s .  This  would be accomplished by a n a l y s i s  and t es t ,  w i t h  t h e  t e s t i n g  

_ -  - - -- _ _  - _ - _ - _ _ _  ~~ - 
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i n i t i a l l y  used t o  v e r i f y  the a n a l y t i c a l  techniques.  A s  boundary cond i t ions  
have a major e f f e c t  on a c o u s t i c  t r ansmiss ion ,  t h e  u s e  of s t i f f e n e d  c y l i n d e r s  
i s  r e q u i r e d  f o r  t e s t .  Methods f o r  sound a t t e n u a t i o n  must t hen  be developed 
which w i l l  produce l i g h t w e i g h t ,  c o s t - e f f e c t i v e  s o l u t i o n s .  

1 . 1 . 3  J o i n t s  and s p l i c e s . -  Much work has  been performed i n  developing 
a n a l y t i c a l  methods f o r  b a s i c  a i rp l ane - type  j o i n t s  and s p l i c e s ,  most no tab ly  
by Douglas under NASA and DoD funding. Much of t h e  work i n  des ign  and test 
has  been o r i e n t e d  toward h igh ly  loaded wing-type j o i n t s  where load ing  is  
p r i m a r i l y  i n  one d i r e c t i o n .  

The major fuselage-type j o i n t  concerns t o  be addressed are t h e  f u s e l a g e  
frame-to-skin j o i n t ,  and t h e  problem of h igh  b i a x i a l  l o a d s  and shea r  coupled wi th  
p r e s s u r e  and buckling which a f f e c t  f u s e l a g e  l o n g i t u d i n a l  and g i r t h  s p l i c e s .  

A second type of j o i n t ,  which has  s o  f a r  rekeived l i t t l e  a t t e n t i o n ,  is  
t h e  major attachment j o i n t  ( e . g . ,  of wing-to-fuselage,  of l and ing  gear-to- 
s t r u c t u r e ,  e t c . ) .  The reduced tolerance.  t o  l o c a i  stress c o n c e n t r a t i o n ,  which 
i s  c h a r a c t e r i s t i c  of t h e  nonmetal l ic  composites,  makes t h e  load d i f f u s i o n  from 
t h e  attachment bo l t  o r  p i n  i n t o  t h e  ad jacen t  s h e l l  s t r u c t u r e  much more d i f f i -  
c u l t .  The n e c e s s i t y  f o r  very t h i c k  l amina te s ,  o r  f o r  metal l ic  i n s e r t s ,  i n t r o -  
duces a d d i t i o n a l  grounds f o r  c a u t i o n ,  due t o  thermal g r a d i e n t s ,  t o  " i n v i s i b l e "  
delaminat ions o r  vo ids ,  t o  c o r r o s i o n ,  and t o  load d i f f u s i o n  and load t r a n s f e r  
p rocesses .  

1.1.4 P res su re  containment.- P r e s s u r e  containment a l s o  invo lves  t o  a 
Large e x t e n t  t h e  i s s u e s  of damage t o l e r a n c e  and f a i l  s a f e t y ,  so they are 
considered j o i n t l y  he re .  

The main a reas  of concern are t h e  skin-to-frame i n t e r f a c e s ,  t h e  e f f e c t s  
of p r e s s u r e  on damage t o l e r a n c e ,  and t h e  d e f i n i t i o n  of damage t h r e a t s  and 
f a i l - s a f e  c r i t e r i a  f o r  composite f u s e l a g e s .  

The skin-to-frame i n t e r f a c e  has a l r e a d y  been d i scussed  under j o i n t s  and 
s p l i c e s .  A primary concern is  t h e  e f f e c t  of damage which causes  s e p a r a t i o n  of 
t h e  bond between t h e  s k i n  and t h e  frame and delaminat ion i n  t h e  s k i n  l o c a l l y  
which could grow r a p i d l y  under t h e  f l i g h t - b y - f l i g h t  p r e s s u r e  cycle. 

Delamination-type damage can occur i n  any p a r t  of t h e  s k i n  and t h e  e f fec ts  
of t h e  f l i g h t - b y - f l i g h t  p r e s s u r e  cyc le  i n  combination w i t h  o t h e r  l i k e l y  loads  
lpust be i n v e s t i g a t e d  so  t h a t  slow ( o r  no) growth and damage containment con- 
cepts can be developed. Damage t h r e a t s  must b e ' d e f i n e d  so t h a t  t h e  types  and 
magnitude of damage l i k e l y  t o  occur can be p rope r ly  i n v e s t i g a t e d .  The l o c a t i o n s  
9f t h e  p r i n c i p a l  t h r e a t s  are summarized i n  F igu re  2. 
i 

of c r a c k  arresters does no t  apply t o  composites i n  t h e  same sense  as metals 
because delaminat ion o r  impact damage is  i n t e r l a m i n a r  i n  n a t u r e .  Conversely,  
major damage of the type expected from engine fzin b l a d e s  can be d e a l t  w i t h  i n  
a g r o s s  sense  i n  t h e  same manner as metals, i .e . ,  a l t e r n a t i v e  load p a t h s  and 
load r e d i s t r i b u t i o n .  
L 

F a i l - s a f e t y  c r i t e r i a  need to  be developed. The c lass ic  metals approach 
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1.1.5 Post-buckling.- Many metallic structures are designed to buckle at 
load levels considerably below design limit loads. 
uncommon. If composite structure were designed to operate only in the unbuck- 
led state, then the potential weight savings offered by the use of advanced 
composite materials would not be realized. 

-- ---- 
A q/qcr of 4 to 5 is not 

NASA and DoD programs have already shown that it is possible to operate 
composite structures in the post-buckled range. Work has also been accom- 
plished on analysis methods and on optimization of skin-stiffener joints. 

There are essentially three major voids in the technology today. The 
first is quantification of the effects of repeated buckling on the skin-to- 
stringer and frame interfaces. The second is the development of cost efrc.c- 
tivc mctliods L O  p r e v e n t  scp;ir;ition or thc skin and stif rewr or f r a i n c . .  'I'lic. 
framc. LnLcrf':ic.ce w l t l i   lie skin is crl~ical ;ind is Ltic' m o s L  likely Lroublc spot 
because t h t b  pressure hiside thc fuse I a ~ c h  t*ombliics wiLli the buckle to cause 
separation. The third issue is the e l r e c t  of buckling on damage tolcrancc.. Ln 
particular , this refers to disbonding or dclaininntion growth which may occur 
due to repeated buckling. Reliable methods arc needed to provide adequatc 
interlaminar strength at frame/skin and stiffenerlskin interfaces. 

1.1.6 Shell cutouts.- Joggles introduce undesirable out-of-plane stresses 
in laminated composite stiffeners and frames. 
structure around a cutout need to be developed which will eliminate or minimize 
these effects. 
outs could be much more severe under the complex loads in a fuselage than in 
a structure designed to carry load primarily in one direction. Edges of cutouts 
are prone to damage. Cargo containers, ground handling equipment, and general 
wear and-tear all contribute to service problems. In metals this does not gen- 
erally amount to a significant problem and can be accommodated, but, in compos- 
ites, such damage could be a major maintainability problem. Edge reinforcement 
techniques need t o  be developed to minimize or prevent such damage. The Iargc. 
number of cut.-outs required on commercial transport airplanes for Eunctional 
reasons is illustrated in Figure 3 .  

New methods for reinforcing the 

The effects of interlaminar stresses in the edges of the cut- 

1.1.7 Automated manufacturing.- Automation falls into two basic cate- 
, gories - robotics and flexible automation. Robotics applies to high volume 
 repetitive work and has applications primary at the detail level. Flexible 
 automation on the other hand has application on the larger scale, low volume 
level where machines qyst be rapidly changed from one function or set-up to 
another. 

Robotics development has proceeded under USAF programs for the "factory 
The large capital investment required can only be justified 

Flexible automation, on the other 
The development needed 

of the future". 
when large production programs are planned. 
hand, can be phased into the manufacturing facilities. 
is in the area of computer integrated manufacturing in all areas of composite 
parts fabrication and assembly, including quality control. 
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Figure 2. - Locat ions of p r i n c i p a l  damage t h r e a t s .  

Forward electronic service 
center door 

Environmental control system access door 

Mld  electrical service center door 

compartment door 

Hydraulic service center 

Lompartment door 

Figure  3 .  - Typical  f u s e l a g e  cu t -outs  i n  commercial t r a n s p o r t  a i r c r a f t .  
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1.1.8 Processing sc i ence . -  The technology i s s u e  of p rocess ing  s c i e n c e  
is  n o t  i d e n t i f i e d  a s  a p o t e n t i a l  showstopper i n  t h e  manufacture of an advanced 
composite f u s e l a g e .  I n  f a c t ,  a fuse l age  could be b u i l t  w i t h  c u r r e n t  p r o c e s s i n g  
methods. However, t h e  advances i n  processing w i l l  have a g r e a t  impact on t h e  
o v e r a l l  performance of t h e  f u s e l a g e  material and on t h e  f u s e l a g e  c o s t .  

Performance improvements can be divided i n t o  t h r e e  areas: high s t r a i n  
g r a p h i t e  f i b e r s ,  toughened epox ies ,  and the rmop las t i c  m a t r i c e s .  The high 
s t r a i n  f i b e r s  c u r r e n t l y  a v a i l a b l e  a r e  cha rac t e r i zed  by s t r a i n s - t o - f a i l u r e  of  
about  1.7% o r  1.8% compared wi th  cu r ren t  production-type f i b e r  s t r a i n  v a l u e s  
of 1.5%. Even tua l ly ,  s t r a i n - t o - f a i l u r e  v a l u e s  are expected t o  r each  2%. Lami -  
n a t e s  prepared wi th  t h e s e  h igh  s t r a i n  f i b e r s  should e x h i b i t  b e t t e r  toughness ,  
which w i l l  t r a n s l a t e  i n t o  higher  design a l lowab les  and inc reased  weight s av ings .  

A second method of b u i l d i n g  tougher l amina te s  i s  through mod i f i ca t ion  of 
t h e  epoxy ma t r ix .  Toughened epox ies  are c u r r e n t l y  a v a i l a b l e  from s e v e r a l  
s o u r c e s  and g e n e r a l l y  are used wi th  high s t r a i n  f i b e r s .  Development of even 
tougher e p o x i e s  is a n t i c i p a t e d .  

Thermoplast ic  matrices, p r i n c i p a l l y  PEEK-type m a t r i c e s ,  have been pro- 
moted a s  s u p e r i o r  t o  epoxy matrices i n  t h e  areas of p r o c e s s a b i l i t y  and tough- 

and frames on a composite f u s e l a g e .  Because of t h e  s i g n i f i c a n t  p rocess ing  
d i f f e r e n c e s  between PEEK-type systems and epoxy systems, e v a l u a t i o n  of PEEK- 
type composites w i l l  have t o  be more ex tens ive  than f o r  new epox ies ,  b u t  should 
s t i l l  be completed w e l l  b e f o r e  a 1990's composite f u s e l a g e  p roduc t ion  d a t e .  

=P,ss - P E E K - t y p  cQm2QsrtP-s s h e d d  hP_ .-spP_riall;r slFitP_d c- "SP, fer  s t r i n g e r s  

The c o s t  of manufactured composite p a r t s  can be reduced through improved 
p r o c e s s i n g  methods. Among t h e s e  are d i e l e c t r i c  monitor ing of t h e  c u r e  pro- 
cesses and closed-loop p rocess ing .  I n v e s t i g a t i o n s  are underway t o  determine 
t h e  va lue  of d i e l e c t r i c  c o n t r o l  i n  improving. t h e  p r o c e s s i n g  of composites.  
Whether o r  n o t  d i e l e c t r i c  c o n t r o l  is determined t o  be of v a l u e ,  closed-loop 
computer c o n t r o l  and monitor ing of t h e  c u r e  p r o c e s s  should be inco rpora t ed  
i n t o  any l a r g e - s c a l e  composite program. Both of t h e s e  p r o c e s s i n g  improvements 
are t e c h n o l o g i c a l l y  f e a s i b l e  a t  t he  c u r r e n t  t i m e  and r e q u i r e  only t h e  i n v e s t -  
ment of t i m e  and money by t h e  v a r i o u s  manufacturers t o  i n c o r p o r a t e  them i n t o  
t h e  p roduc t ion  p rocess .  

A l t e r n a t i v e s  t o  au toc lave  o r  press c u r e s  are  be ing  i n v e s t i g a t e d .  
s e n t  , l amina te s  manufactured by t h e s e  methods are i n f e r i o r  t o  autoclave-cured 
p a r t s ,  b u t  t h e  p o t e n t i a l  c o s t  r educ t ions  from us ing  t h e s e  a l t e r n a t e  methods 
are g r e a t .  

A t  p r e -  

A l t e r n a t i v e  methods of manufacture o f f e r  t h e  g r e a t e s t  p o t e n t i a l  f o r  c o s t  
saving.  Many o t h e r  methods b e s i d e s  hand layup e x i s t ,  such as p u l t r u s i o n ,  f i l a -  
ment winding, molding, automated t ape  l ay ing ,  e t c .  , a r e  c o n t i n u a l l y  being 
improved. 
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1.1.9 Electromagnetic e f f e c t s . -  Electromagnet ic  p u l s e s  i n  a i r p l a n e s  are 
generated by- l i g h t n i n g  s t r i k e .  A t r a n s p o r t  f u s e l a g e  i s  c l a s s i f i e d  as Zone 2A 
except a t  t h e  nose and i s  t h u s  a swept s t r o k e  zone w i t h  low p r o b a b i l i t y  of 
f l a s h  hang-on. Graphitelepoxy conducts e l e c t r i c i t y  but  has  a much lower con- 
d u c t i v i t y  than aluminum. A s  Zone 2A, a composite f u s e l a g e  s t r u c t u r e  r e q u i r e s  
only minimal p r o t e c t i o n  as graphi te /epoxy w i l l  d i s s i p a t e  t h e  c u r r e n t .  Protec-  
t i o n  a g a i n s t  s t r u c t u r a l  damage is  g e n e r a l l y  only r e q u i r e d  i n  areas s u b j e c t  t o  
d i r e c t  s t r i k e .  

P r o t e c t i o n  of d i g i t a l  systems and fly-by-wire systems, however, is  more 
of a problem i n  composite s h e l l s  than i n  metal s h e l l s .  T h i s  problem i s  be ing  
addressed s p e c i f i c a l l y  i n  t h e  c u r r e n t  “Atmosphere E l e c t r i c i t y  Hazards Protec-. 
t i o n ”  (AEHP) program adminis tered by USAF AFWAL and sponsored by FAA, NASA, 
and the  armed s e r v i c e s ,  w i t h  Boeing as p r i m e  c o n t r a c t o r .  The e f f e c t s  of an 
electromagnet ic  pulse  can be t o  r e v e r s e  s t o r e d  l o g i c ,  erase computer memo- 
ries o r  damage e l e c t r i c a l  j o i n t s .  I f  a system i s  c r i t i c a l  t o  f l i g h t  s a f e t y ,  
i t  should be p ro tec t ed  r e g a r d l e s s  of whether t h e  s h e l l  i s  metal  o r  composite. 

- 

The USAF/Boeing AEHP program i s  s t r u c t u r e d  t o  i n v e s t i g a t e  t h e  p r o t e c t i o n  
concepts  f o r  four  d i f f e r e n t  classes of f l i g h t  v e h i c l e s .  One of t h e s e  i s  t h e  
l a r g e  transport/bomber class. 
be a p p l i c a b l e  t o  a l l  t h e  f o u r  classes be ing  considered.  Pending t h e  r e s u l t s  
of t h i s  program, i t  does n o t  appear that any s i g n i f i c a n t  new programs i n  t h i s  
f i e l d  are necessary.  

It i s  expected t h a t  t h e  e v a l u a t i o n  t e s t i n g  w i l l  

1.1.10 Repairs.-  Much work has  been performed r ega rd ing  t h e  r e p a i r  of 
advanced composite s t r u c t u r e s  both i n  t h e  f i e l d  and a t  depot l e v e l .  Most 
r e p a i r s  t o  primary s t r u c t u r e s  invo lve  t h e  use  of mechanical f a s t e n e r s  because 
bonding o f t e n  proves t o  be d i f f i c u l t .  U s e  of f l u s h  mechanical f a s t e n e r s  means 
t h a t  r e p a i r s  o f t e n  have t o  be t h i c k e r  than may o the rwise  be r equ i r ed  so  as no t  
t o  c r e a t e  f e a t h e r  edges due t o  f u l l  depth coun te r s ink ing .  Th i s  can c r e a t e  
aerodynamic problems. Also,  l a c k  of back s i d e  access  means t h a t  b l i n d  f a s t e n -  
ers must be used wi th  t h e  a s s o c i a t e d  problems of poor clamp-up and l o o s e  h o l e s .  

Bonding techniques and r e l i a b l e  adhes ives  need t o  be developed f o r  r e p a i r s  
which w i l l  provide t h e  q u a l i t y  of bond r e q u i r e d  f o r  primary s t r u c t u r e  r e p a i r s .  
I n  p a r t i c u l a r ,  high p e e l  s t r e n g t h  i s  d e s i r a b l e  f o r  f u s e l a g e  r e p a i r s  because 
of p r e s s u r i z a t i o n  e f f e c t s .  
p rov ide  f o r  determinat ion of bondl ine s t r e n g t h .  

New NDI/NDE techniques must a l s o  b e  developed t o  

1 . 1 . 1 1  N D E / N D I . -  The major technology i s s u e s  i n  t h e  area of N D E / N D I  are: 
__ - __ ~ - 

~ ~- ~ 

0 Defect eva lua t ion  - t o  determine- s i z e  and type r e l i a b l y ,  and t o  d e t e r -  
mine t h e  e f f e c t  of d e t e c t a b l e  d e f e c t s  on product  i n t e g r i t y .  

0 Bond l i n e  e v a l u a t i o n  - developing a r e l i a b l e  NDT method capable  of 
determining bond s t r e n g t h  and laminate  s t r e n g t h  through d i r e c t  r ead ings .  
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A t e s t i n g  program must be  developed t o  determine what e f f ec t  p a r t i c u l a r  
NDT responses  have relative t o  se l ec t ed  materials and c r o s s  s e c t i o n s .  Th i s  
program would develop a d e t a i l e d  NDT d a t a  base  f o r  graphi te /epoxy l amina te s  
u s i n g  u l t r a s o n i c ,  r ad iog raph ic ,  and eddy c u r r e n t  methods. Data c u r r e n t l y  
genera ted  from NDT i n s p e c t i o n s  do n o t  c h a r a c t e r i z e  t h e  d i s c o n t i n u i t i e s  w i th in  
the l amina te s  because of technique l i m i t a t i o n s  and a l a c k  of p h y s i c a l  t e s t i n g  
of lamina tes  con ta in ing  anomalies. C o r r e l a t i o n  of NDT d a t a  and p h y s i c a l  test- 
i n g  must be  accomplished by eva lua t ing  s e l e c t e d  d e f e c t i v e  lamina tes  i n  d e t a i l .  
This w i l l  p rovide  a b a s e l i n e  document f o r  r e f e r e n c e  and mod i f i ca t ion .  

A p a r a l l e l  program should be i n i t i a t e d  t o  s tudy  t h e  f e a s i b i l i t y  of devel-  
oping a r e l i a b l e  NDT method t o  determine bond s t r e n g t h .  Acoustosonic and 
u l t r a s o n i c  bond t e s t i n g  methods have been .regarded as successes  i n  measuring 
bond s t r e n g t h ;  however, t h e s e  methods r e l y  on d a t a  obta ined  from d e s t r u c t i v e  
t e s t  programs. 

1 .1 .12  F lame,  smoke, and t o x i c i t y . -  The use of a flammable m a t e r i a l  f o r  
the f u s e l a g e  of a commercial passenger a i r p l a n e  may pose a d d i t i o n a l  hazards  i n  
the event  of a c r a s h  o r  f i r e .  The e x t e n t  of t h e s e  hazards  is  unknown b u t  t s  
expected t o  be s m a l l .  Two cases  should be cons idered- - in te r ior  f i r e s  and ex te-  
r i o r  f i res .  I n  an i n t e r i o r  f i r e ,  because such materials as c a r p e t s ,  s e a t  cush- 
i o n s ,  and seat cover ings  burn and e m i t  smoke much more r e a d i l y  than g r a p h i t e /  
epoxy composi tes ,  flame and smoke from t h e  fuse l age  s t r u c t u r e  would probably 
be  n e g l i g i b l e .  I n  an e x t e r i o r  f ire,  a composite fuse l age  may be a b e n e f i t  
because g r a p h i t e  compostte has a n i s o t r o p i c  h e a t  t r a n s f e r  c h a r a c t e r i s t i c s .  Heat 
w i l l  be  conducted over t h e  sur face  of t h e  f u s e l a g e ,  dec reas ing  t h e  l o c a l  t e m -  
p e r a t u r e  and i n c r e a s i n g  t h e  time u n t i l  t h e  epoxy r eaches  combustion temp'erature. 
Heat t r a n s f e r s  less  r e a d i l y  through t h e  th i ckness  of t h e  composite,  keeping t h e  
i n t e r i o r  r e l a t i v e l y  coo l  and al lowing passengers  t i m e  t o  e x i t .  

Ear ly  i n  t h e  development of a composite f u s e l a g e ,  t h e  f lame,  smoke, and 
t o x i c i t y  hazards  should b e  examined i n  d e t a i l  and t h e  hazards  q u a n t i f i e d .  A s  
t h e  program p rogres ses ,  developments i n  a i r c r a f t  f i r e  s a f e t y  should be moni- 
t o r e d  t o  i n s u r e  t h a t  ques t ions  of composite f u s e l a g e  f i r e  s a f e t y  can be  prop- 
e r l y  addressed .  

1.1.13 M i l i t a r y  technology i s s u e s . -  The technology i s s u e s  which are 
important  from a m i l i t a r y  ca rgo / t r anspor t  viewpoint  are g e n e r a l l y  t h e  same as  
t h e  commercial i s s u e s .  Table  4 shows the m i l i t a r y  technology i s s u e s  l i s t e d  
under fou r  technology areas each i n  rough o r d e r  of  importance.  Most of t h e s e  
i s s u e s  have a l r eady  been discussed and t h e  d i f f e r e n c e s  between m i l i t a r y  and 
commercial requirements  have an  i n s i g n i f i c a n t  e f  f e c t  on t h e  fuse l age  technol-  
ogy development. 
damage/service damage/repair  i s s u e .  This' i s s u e  is be ing  addressed by c u r r e n t  
and planned DoD programs. 

The main i s s u e  which is m i l i t a r y  p e c u l i a r  is t h e  b a t t l e  

The emergency landing  requirements f o r  m i l i t a r y  a i r c r a f t  a r e  more s e v e r e  
than  f o r  commercial a i r c r a f t  as can be seen  i n  Table  5. This  t a b l e  compares 
i n e r t i a  load f a c t o r s  t o  be used f o r  t h e  d e s i g n  of s e a t s  and t h e i r  a t tachment  
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TABLE 4 .  - MILITARY AREAS OF CONCERN AND ASSOCIATED TECHNOLOGIES 

Manufacturing 
Technology 

Logistics 
(Supportability) 

Design 
Technology 

Split% and Joints 
Delamination 
Damage Tolerance 
Battle Damage 
Service Damage 
NDE/ND I 
Re  pa i ra b i I i ty  

MIL-A-8865 (3.31) 

FAR 25.261 

Pressure 
Integrity 

UP Forward Side Down 

4.0 16.0 5.5 16.0 

2.0 9.0 1.5 4.5 

1 

(3.0 Aft) 

Splices and Joints 
Delamination 
Damage Tolerance 
Battle Damage 
Service Damage 
Durability 

Splices and Joints 
NDE/NDI 
Main Attachments 
Handling 
Processing 
Tooling 
Auto. Manuf. 
Cost Prediction 

Splices and Joints 
Damage Tolerance 
Battle Damage 
Service Damage 
Main Attachments 
Allowables 
Optimization 
cut-outs 
Impact Dynamics 
Acoustic Response 
Cost Prediction 

s t r u c t u r e  f o r  t h e  t w o  types  of a i r c r a f t .  These h ighe r  ' g '  l oads  may make i t  
much more d i f f i c u l t  t o  b u i l d  t h e  f l o o r  suppor t  s t r u c t u r e  us ing  advanced 
composite materials i n  t h e  m i l i t a r y  c o n f i g u r a t i o n s  than  i n  t h e  commercial. 

1 .1 .14  Generic research . -  The major i n f l u e n c e  of gene r i c  r e s e a r c h  i n  t h e  
development of  advanced composite s t r u c t u r e s  i s  w e l l  recognized.  T h i s  r e s e a r c h  
is  t r a d i t i o n a l l y  performed by NASA and DoD both  i n  house and under c o n t r a c t  t o  
i n d u s t r y  and academia. It is  most important  t h a t  t h i s  r e s e a r c h  con t inues .  
Some of t h e  areas which w i l l  g r e a t l y  assist i n  t h e  development of advanced 
composite fuse l age  s t r u c t u r e s  are l i s t e d  below: 

0 Improved materials and s t a n d a r d i z a t i o n  of r e s i n  systems t o  ensure  
mul t i source  procurement. 

0 Continued development of  s t anda rd  test  methods f o r  chemical ,  p h y s i c a l ,  
and mechanical p r o p e r t i e s  s o  t h a t  test  d a t a  can be  pooled t o  p rov ide  
s t r o n g e r  a l lowables  d a t a  bases .  

0 Understanding of f a i l u r e  mechanisms on t h e  micro and macro l e v e l s  w i l l  
g r e a t l y  a s s i s t  t h e  d e s i g n e r s  i n  s e l e c t i n g  s t r u c t u r a l  concepts .  

0 E f f e c t s  of d e f e c t s  and damage t o  b u i l d  conf idence  f o r  d i s p o s i t i o n  o f  
r e j e c t e d  parts and d e f i n i n g  accep tab le  l i m i t s .  
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Damage arres ilnd containment techniques f o r  f a i l - s a f e  s t r u c t u r e s .  

Energy abso rp t ion  c h a r a c t e r i s t i c s  of materials and s t r u c t u r a l  con- 
f i g u r a t i o n s  t o  provide d a t a  bases f o r  impact dynamics desiRn and 
a n a l y s i s .  

Development of a d a t a  base  which w i l l  permit  c o r r e l a t i o n  of s h o r t -  
t e r m  t e s t i n g  wi th  real-time s e r v i c e  i n  adve r se  environments. 

Bonded r e p a i r  techniques including b e t t e r  adhesives  and p rocesses .  

Q u a n t i t a t i v e  N D E / N D I  techniques and r ap id  l a r g e  area scanning 
techniques.  

Design technology f o r  s t i f f e n e d  curved pane l s  w i th  p a r t i c u l a r  a t t e n -  
t i o n  t o  i n t e r f a c e s  between skin and s t i f f e n e r  and sk in  and f r a m e  
under post--buckled condi t ions a n d  under i n t c r n a  1 p r c s s u r e ,  and tlic 
e f f e c t s  of repeated buckling. 

Continued development of damage t o l e r a n t  des igns  and d e f i n i t i o n  o f  
r ea l i s t i c  t h r e a t  s c e n a r i o s .  

1 . 2  Program Options 

The o b j e c t i v e  of t h i s  t a s k  w a s  t o  determine t h e  e x t e n t  of v e r i f i c a t i o n  
t e s t i n g  r equ i r ed  t o  provide confidence t h a t  t h e  technology is a t  hand t o  
suppor t  a d e c i s i o n  t o  commit t o  t h e  product ion of composite f u s e l a g e s .  The 
v e r i f i c a t i o n  test o p t i o n s  ranged f r o m  f u s e l a g e  pane l  tes ts  through f u l l - s c a l e  
f u s e l a g e  t e s t i n g .  The r e l a t i v e  c o s t s  and t e c h n i c a l  r i s k s  of each op t ion  
w e r e  eva lua ted .  

1.2.1 Option 1 - Val ida t ion  by component t e s t i n g . -  Th i s  o p t i o n  would ~ - -  
commence wi th  concept e v a l u a t i o n  t e s t i n g .  These tes ts  would be s t r u c t u r e d  t o  
e v a l u a t e  v a r i o u s  concepts f o r  t h e  major s t r u c t u r a l  elements.  These concepts  
would be based on t h e  r e s u l t s  of the Fuselage Cr i t i ca l  Technology programs and 
would inc lude  c o n s i d e r a t i o n  of p r o d u c i b i l i t y  aqd scale-up t o  f u l l - s c a l e  s t r u c -  
t u r e s .  These tests would narrow down t h e  concepts  t o  one o r  two € o r  each 
element.  The remaining concepts would then  b e  t e s t e d  i n  combination t o  evalu-  
a te  t h e i r  compa tab i l i t y  as f a r  as  i s  p o s s i b l e  a t  t h e  component l e v e l .  

Fuselage s t r u c t u r e s  are sub jec t  t o  r e l a t i v e l y  high loads  i n  t h e  longi-  
t u d i n a l  d i r e c t i o n  due t o  bending and i n  t h e  hooD d i r e c t i o n  due t o  p r e s s u r i z a -  
t i o n ,  as w e l l  as h igh  shea r  l oads .  These h igh  combined loads  have s i g n i f i c a n t  
e f f e c t s  a t  a11 t h e  c u t o u t s  i n  t h e  s h e l l .  These e f f e c t s  areTpecul iar  t o  fuse-  
l a g e s ;  wing and empennage s t r u c t u r e s  g e n e r a l l y  have s i g n i f i c a n t  spanwise 
load ing  bu t  much lower chordwise loads. The ground-air-ground p r e s s u r i z a -  
t i o n  c y c l e  has  s i g n i f i c a n t  e f f e c t s  a t  frame-to-skin and f l o o r  i n t e r f a c e s .  
Panel  t e s t i n g  i n t r o d u c e s  edge e f f e c t s  which make i t  d i f f i c u l t  t o  s i m u l a t e  and 
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e v a l u a t e  t r u l y  the  e f f ec t s  of combined loads  and p r e s s u r e  w i t h  r e s p e c t  t o  t h e  
f u l l - s c a l e  b a r r e l  s e c t i o n .  

Tests would inc lude  t e s t i n g  of pane l s  t o  assess t h e  e f f e c t s  of buckl ing  
and p r e s s u r e  on panels  which c o n t a i n  c u t o u t s  and s p l i c e s  t o  de te rmine  t h e  
e f f e c t s  of t h e  induced i n t e r l a m i n a r  stresses. S t a t i c  and f a t i g u e  tests would 
be  performed t o  eva lua te  t h e  damage t o l e r a n c e  and f a i l - s a f e  c h a r a c t e r i s t i c s .  

Once t h e  o v e r a l l  des ign  concept i s  e s t a b l i s h e d ,  a number of  l a r g e  curved 
pane l s  of t h e  order  of 10 f e e t  by 6 feet would be t e s t e d  t o  v e r i f y  t h e  concept .  

From t h e  m i l i t a r y  p o i n t  of view, t h e  concept  ev;ilu;ition p l an  would be  
extended t o  include de te rmina t ion  of s u s c c p t i b i l  i c y  t o  b a t t  I C  damagc a n d  ser-  
v i c e  damage. The former would inc lude  p r o j e c t i l e s  o f  v a r i o u s  types  and t h e  
l a t t e r  would inc lude  p h y s i c a l  c o n t a c t  from ca rgo  i t e m s  ( v e h i c l e s ,  p a l l e t s ,  
ammunition boxes,  q t c . )  as w e l l  as from ground d e b r i s .  

Fu r the r  ex tens ions  t o  t h i s  program would inc lude  r e p a i r  assessment  i n  i t s  
b roades t  a s p e c t s .  The n e c e s s i t y  f o r  r e p a i r ,  t h e  performance of t h e  chosen 
r e p a i r ,  and t h e  acceptance of t h e  r e p a i r  should a l l  be  s t u d i e d  i n  p re l imina ry  
programs of t h e  Option 1 level.  

Option 1 i s  t h e  lowest  c o s t  approach;  i t  a l s o ,  however, h a s  t h e  h i g h e s t  
t e c h n i c a l  r i s k .  A s  descr ibed  above, pane l  t e s t i n g  cannot  p rope r ly  s imula t e  
t h e  e f f e c t  of i n t e r l amina r  stresses which i s  one of t h e  major problems w i t h  
advanced composites today. The e f f e c t s  of h igh  l o c a l  load  i n p u t s  can be  
eva lua ted  t o  a l imi t ed  e x t e n t  on ly  i n  t h i s  op t ion .  

Thus t h e r e  a r e  r i s k s  t h a t ,  when a f u l l - s c a l e  fuse l age  des ign  and produc- 
t i o n  program i s  embarked upon, problems w i l l  a r i se  dur ing  t h e  f a b r i c a t i o n  and/ 
o r  t h e  f u l l - s c a l e  ground t e s t i n g  which would have a major c o s t  and schedule  
impact on t h e  program. Th i s  makes i t  u n l i k e l y  t h a t  any manufacturer  would 
embark on a product ion program based on t h e  r e s u l t s  of Option 1. 

1 . 2 . 2  Option 2 - Val ida t ion  by b a r r e l  s e c t i o n  test .-  Th i s  op t ion  would 
inc lude  a l l  t h e  concept eva lua t ion  tests under  Option 1 bu t  t h e  v e r i f i c a t i o n  
t e s t i n g  would be  accomplished us ing  a f u l l - s c a l e  b a r r e l  s e c t i o n  20 f e e t  long.  
A major f e a t u r e  o f  t h i s  op t ion  is t h a t  f u l l - s c a l e  t o o l s  and t h e  appropr i a t e  
p rocesses  wauld be used. Th i s  is  important  because when lar,qe scale  panels  
o r  f u l l  b a r r e l s  a r e  be ing  processed ,  s e l f - con ta ined  t o o l i n g  may be used 
s o  t h a t  p a r t s  can b e  fabr ica ted-which  are too  l a r g e  f o r  au toc laves .  The appro- 
p r i a t e  assembly procedures  would be  used and t h u s  p rope r ly  demonstrated.  Non- 
d e s t r u c t i v e  in spec t ion  (NDI) techniques  could b e  eva lua ted  on a f u l l - s c a l e  
b a s i s  e s p e c i a l l y  those  aimed a t  f i e l d  i n s p e c t i o n  f o r  b a t t l e  damage assessment .  
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A f u l l  s t r u c t u r a l  tes t  program would fol low.  This  t e s t  program would 
c o n s i s t  of t h e  fo l lowing  elements:  a l i m i t  combined loads  t es t ,  an u l t i m a t e  
p r e s s u r e  tes t ,  one l i f e t i m e  of f a t i g u e  t e s t i n g ,  damage t o l e r a n c e  tes ts  f o r  
ano the r  l i f e t i m e ,  fa i l - sa fe  tests, r e p a i r ,  and f i n a l  s t a t i c  tests t o  f a i l u r e .  
A second b a r r e l  s e c t i o n  might be necessary f o r  impact dynamics v e r i f i c a t i o n  i n  
a dynamic drop test. 
under Option 1 would not  be necessary under t h i s  op t ion .  

The l a r g e  curved v e r i f i c a t i o n  test pane l s  d i scussed  

The b a r r e l  components envisaged f o r  t h i s  op t ion  w i l l  p rovide  t h e  a b i l i t y  
t o  v e r i f y  r e a l i s t i c  three-dimensional loading  behavior ,  which is no t  p o s s i b l e  
wi th  pane ls .  The i n t e r a c t i o n s  between s h e l l  and main frames can a l s o  be 
s t u d i e d  t o  g ive  g r e a t e r  confidence i n  t h e  behavior  of t h i c k  o r  meta l - re inforced  
frames under h igh  l o c a l  load inputs  (gear  l oads ,  hingk l o a d s ,  e t c . ) .  

Measurements of o v e r a l l  d e f l e c t i o n s  wi th  s u i t a b l y  l a r g e  b a r r e l  s e c t i o n s  
would enable  s t i f f n e s s  p r e d i c t i o n s  t o  b e  confirmed, thus  adding t o  conf idence  
i n  estimates of dynamic behavior  without recourse  t o  ground v i b r a t i o n  tes ts  
o r  f l i g h t  tests. 

Option 2 is a h ighe r  c o s t  approach than Option 1 bu t  much of  t h e  t e c h n i c a l  
r i s k  i s  e l imina ted .  A p o s s i b l e  v a r i a t i o n  of t h i s  op t ion  involved des ign ,  fab- 
r i c a t i o n ,  and tes t  of subsca le  b a r r e l  s e c t i o n s .  Th i s  w a s  e l imina ted  because 
LAIT: L ~ ~ U ~ L ~ I I I ~ I L S  lor balanced i a m i n a t e s  make i t  d i f f i c u l t  it no t  impossible  t o  
scale t h e  s t r u c t u r e  down r e a l i s t i c a l l y  and because,  i n  gene ra l ,  f a b r i c a t i o n  
procedures  are not  s c a l a b l e .  A laminate s t a c k i n g  sequence must be balanced 
about i t s  midplane,  s o  t h a t  a 45" ply,  t h r e e  p l i e s  i n  from one s u r f a c e ,  i s  
balanced by a 45" p l y  t h r e e  p l i e s  in  from t h e  Q t h e r  su r face .  
r e q u i r e s  a 135" p l y  i n  t h e  laminate  t o  ba lance  i t .  
always i n  m u l t i p l e s  of  4 p l i e s .  S imi l a r ly ,  0" and 90" p l i e s  must each be 
balanced r e l a t i v e  t o  t h e  midplane though no t  n e c e s s a r i l y  r e l a t i v e  t o  each 
o t h e r .  Unbalanced lamina tes  not  only warp and bend du r ing  cu re  but  when load 
i s  a p p l i e d ,  a bending-twist ing coupling occur s  caus ing  out-of-plane deforma- 
t i o n s .  Th i s  i s  t h e  a n i s o t r o p i c  e f f e c t .  While a f u l l - s c a l e  b a r r e l  s e c t i o n  i s  
expensive,  i t  r e p r e s e n t s  a c o s t - e f f e c t i v e  o p t i o n  because of t h e  confidence 
l e v e l  achieved t o  proceed t o  product ion.  Th i s  o p t i o n  f u l l y  e x e r c i s e s  the  
d e s i g n  and a n a l y s i s  methodology and the manufactur ing and i n s p e c t i o n  pro- 
cedures .  
d u c t i o n  c o s t s .  
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Each 45" p l y  a l s o  
So 45" and 135" p l i e s  are 

It a l s o  provides  a good cost  d a t a  base f o r  t h e  p r o j e c t i o n  of  pro- 

1 .2 .3  Option 3 - V a l i d a t i o n  by f u l l - s c a l e  fuse l age  ground tes t .  - This  
o p t i o n  would provide the  most real is t ic  ground test and would f u l l y  check o u t  
t h e  s t r u c t u r e .  I t  i s ,  however, a very much more expensive o p t i o n  than 
Option 2. Th i s  added expense is not j u s t i f i e d  by t h e  a d d i t i o n a l  d a t a  and 
confidence achieved. The f u l l - s c a l e  b a r r e l  test w i l l  supply a l l  t h e  manufac- 
t u r i n g  d a t a  and confidence requi red  t o  commit t o  product ion.  The a d d i t i o n a l  
tes t  d a t a  from a f u l l - s c a l e  fuselage i s  no t  necessary  f o r  a des ign  commitment 
f o r  p roduc t ioa  t o  be made. A f u l l - s c a l e  fuse l age  test  would be performed as 
a n a t u r a l  occurrence i n  a production program a t  a later d a t e .  



Option 3 is an expensive op t ion  and does l i t t l e  t o  change what t e c h n i c a l  
The a d d i t i o n a l  conf idence  achieved does no t  j u s t i f y  r i s k  exis ts  i n  Option 2.  

t h e  c o s t .  

1.2 .4  Option 4 - Val ida t ion  by f u l l - s c a l e  f u s e l a g e  f l i g h t  test .-  
Lockheed h a s  long maintained t h a t  f l i g h t  t e s t i n g  of composite s t r u c t u r e s  i s  
n o t  r equ i r ed  p r i o r  t o  a product ion  commitment. 
tests are adequate i f  p roper ly  conducted and accomplished. 

Analys is  and f u l l - s c a l e  ground 

F l i g h t  t e s t  does not  provide t h e  long-term real-world o p e r a t i o n a l  sceni l r io  
which would be needed. 
day s e r v i c e  environment and t h e  normal a i r l i n e  handl ing  and maintenance 
procedures .  

A pro to type  tes t  a i r p l a n e  cannot  s imula t e  t h e  day-by- 

Option 4 is t h e  most expensive op t ion  and i t  i s  doub t fu l  t h a t  t h e  t echn i -  
F l i g h t  t e s t  could c o n s i s t  of a b a r r e l  

The b a r r e l  s e c t i o n  introduce's t h e  a d d i t i o n a l  problem of s p l i c -  

c a l  r i s k  w i l l  be reduced s i g n i f i c a n t l y .  
s e c t i o n  i n s t a l l e d  i n  an e x i s t i n g  metal a i r p l a n e  o r  a complete advanced compo- 
s i t e  fuse l age .  
i n g  t o  m e t a l l i c  b a r r e l  s e c t i o n s  and thus  s e v e r e l y  l i m i t s  t h e  des ign  o p t i o n s  
f o r  t h e  b a r r e l .  The d i f f e r e n c e s  i n  thermal  expansion between t h e  metal  and 
t h e  composite w i l l  i n t roduce  thermal stresses which w i l l  s i g n i f i c a n t l y  e f f e c t  
t h e  des ign  of the j o i n t  and any d i f f e r e n c e  i n  modulus i n  t h e  hoop d i r e c t i o n  
between t h e  metal and composite b a r r e l s  w i l l  i n t roduce  a d d i t i o n a l  stresses due 
t o  d i f f e r e n t i a l  expansion under p re s su re .  The i n t e r f a c e  e f f e c t s  from both 
loads  and environmental  cond i t ions  can overshadow t h e  o b j e c t i v e s  of t he  f l i g h t  
t e s t i n g .  
The only  b e n e f i t  of f l i g h t  t es t  would be s h o r t  t e r m .  The a i r p l a n e  would 
exp lo re  t h e  f l i g h t  envelope but  could no t  provide s e r v i c e  l i f e  exper ience  i n  
a t i m e  frame t h a t  would be  accep tab le .  I t  is  a l s o  extremely u n l i k e l y  t h a t  any 
a i r l i n e  would b e  w i l l i n g  t o  accep t  a unique "one-off" a i r p l a n e .  F ly ing  an 
exper imenta l  a i r p l a n e  would never s imula t e  t h e  day t o  day ope ra t ion  i n  a i r l i n e  
s e r v i c e .  Thus t h e  c o s t  would be extremely h igh  and t h e  t e c h n i c a l  r i s k  would 
n o t  be s i g n i f i c a n t l y  reduced from Option 2. 

A f u l l  fu se l age  would be p r o h i b i t i v e  i n  c o s t  f o r  a "one-off" a r t i c l e .  

1.2.5 Se lec t ion  opt ion.-  Opt ion-2  i s  cons idered  a s  t h e  minimum t e c h n i c a l  
r i s k  op t ion  and t h e  most c o s t  e f f e c t i v e .  Option 1 w i l l  no t  t i e  t h e  tech- 
no log ie s  toge ther  and w i l l  t hus  l eave  too  many unanswered ques t ions  on o v e r a l l  
f u s e l a g e  s t r u c t u r a l  behavior .  No manufactur ing and i n s p e c t i o n  exper ience  i n  
f u l l - s c a l e  b a r r e l  f a b r i c a t i o n  w i l l  be ga ined ,  t h u s  l i t t l e  confidence and no 
c o s t i n g  d a t a  base w i l l  be achieved.  

Option 3 is many times more expensive because of a l l  t h e  t o o l i n g  which 
would be required f o r  a complete fuse l age  as w e l l  as l abor  and materials f o r  
f a b r i c a t i o n  of one a r t i c l e .  

Option 4 is unnecessary and would be u n l i k e l y  t o  provide any b c n c f i t  i n  
a r e a l i s t i c  time frame. 
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1 . 3  Bene f i t s  S t u d i e s  

The b e n e f i t  s t u d i e s  were accomplished us ing  t h e  Lockheed-California 
Company a i r c r a f t  concept e v a l u a t i o n  program, Advanced Systems Syn thes i s  and 
Evalua t ion  Technique (ASSET), and the Lockheed-Georgia Company General A i r c r a € t  
S i z i n g  Program (GASP). 

These programs e v a l u a t e  t h e  weight,  performance and c o s t  of acqu i r ing  and 
o p e r a t i n g  a p a r t i c u l a r  a i r p l a n e  conf igu ra t ion  and opt imize  t h e  Conf igura t ion  
f o r  e i t h e r  minimum a c q u i s i t i o n  c o s t ,  minimum f u e l  requirements  o r  minimum 
l i f e  c y c l e l o p e r a t i n g  c o s t s .  

The weight and c o s t  i n p u t s  t o  these  programs a r e  based on accumulated 
h i s t o r i c  d a t a  and on t h e  r e s u l t s  of  t h i s  s tudy  as a v a i l a b l e  a t  t h a t  t ime. The 
weight sav ings  f o r  p a r t i c u l a r  i tems are inpu t  t o  a computer program which then 
c a l c u l a t e s  t h e  o v e r a l l  weight sav ings  based on t h e  weight d i s t r i b u t i o n  between 
s k i n ,  s t r i n g e r s ,  frames, e t c .  The weight s av ings  e s t i m a t e s  are considered t o  
be gene ra l ly  conse rva t ive  and e a s i l y  r e a l i z a b l e  w i t h i n  p r o d u c i b i l i t y  and cos t  
c o n s t r a i n t s .  The s k i n s  and s t r i n g e r s  i n  t h e  m i l i t a r y  and commercial t r a n s p o r t  
a r e  based on t h e  Jay s t i f f e n e d  concept. The frames a r e  based on t h e  concept 
of Gr/Ep 2 frames w i t h  Gr/Ep ang le  shear  i tes  t o  t h e  s k i n .  These concepts  
a r e  d i scussed  i n  S e c t i o n  2 . 2 .  

1.3.1 M i l i t a r y  Benef i t s . -  Any assessment of t he  q u a n t i t a t l v e  b e n e f i t s  -- --- - 
expected t o  r e s u l t  from the  a p p l i c a t i o n  of composite materials t o  a t r a n s p o r t  
a i r c r a f t  s t r u c t u r e  depends on a number of assumptions.  The "convent ional"  
a i r c r a f t ,  a g a i n s t  which the "innovative" a i r c i a f t  i s  compared, must be def ined  
by t h e  same set of ground r u l e s  i f  a c r e d i b l e  eva lua t ion  is  t o  be made. 

The normal procedure i n  e s t a b l i s h i n g  t h e  c o n f i g u r a t i o n  of a t r a n s p o r t  
a i r c r a f t  is  f i r s t  t o  d e f i n e  a payload-range des ign  p o i n t ,  c r u i s i n g  speed 
and an a l t i t u d e .  C o n s t r a i n t s  on f i e l d  l e n g t h  and climb g r a d i e n t  are  then  chosen, 
t o g e t h e r  w i th  engine c h a r a c t e r i s t i c s ,  most no tab ly  t h e  s p e c i f i c  f u e l  consump-. 
t i o n .  
a p p r o p r i a t e  in format ion  on t h e  ma te r i a l s  t o  be used. 

An optimum des ign  can then  be  found by i t e r a t i v e  methods, i n c o r p o r a t i n g  

I f  c o s t  i s  t o  be r e f l e c t e d  i n  the op t imiza t ion ,  t h e  l a b o r  and material  
c o s t s  are only  two of t h e  a d d i t i o n a l  data i t e m s .  Acqu i s i t i on  c o s t s  depend 
on t h e  l e n g t h  of t h e  product ion  run  ( f ixed  c o s t s  must be p r o p o r t i o n a t e l y  
a l l o c a t e d ,  and the r e c u r r i n g  c o s t s  w i l l  decrease  along the l e a r n i n g  c u r v e ) ,  
hence the f l e e t  s i z e  must be  de f ined .  Opera t iona l  c o s t s  are l a r g e l y  dependent 
on t h e  f u e l  used, which r e q u i r e s  knowledge of t h e  numbcr of [ l i g h t s  (o r  t l i c '  
hours  f lown).  L i fe -cyc le  c o s t s  combine these ,  and a l s o  n e c e s s i t a t e  def ini t ic i i i  
of t h e  l i f e  i n  years. 

For m i l i t a r y  account ing ,  t he  sepa ra t ion  of n c q u i s i t i o n  f r o m  o p e r a t i o n  
l e a d s  t o  d i f f e r e n t  r e s u l t s  from those obta ined  i n  e v a l u a t i o n  of c i v i l  d i r e c t  
o p e r a t i n g  c o s t s ;  t h e s e  r e f l e c t  t h e  interest  p a i d  on t h e  purchase c o s t  and t h e  
d e p r e c i a t i o n  of t h e  a i r c r a f t .  The d i f f e r e n t  u t i l i z a t i o n  rates ( t y p i c a l  va lues  
are 4000 hours lyear  f o r  commercial a i r l i n e r s  and 900 hours/y 'ear f o r  m i l i t a r y  
cargo  t r a n s p o r t s )  a l s o  in f luence  t h e  r e l a t i v e  importance of t h e  v a r i o u s  c o s t  
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f a c t o r s ,  a s  do the d i f f e r e n t  f lee t  s i z e s  (perhaps 500 c i v i l  a i r c r a f t  compared 
wi th  80 m i l i t a r y  a i r l i f t e r s ) .  

The f i n a l  dec is ion  t o  be  made i s  t h e  choice  of op t imiza t ion  par;imetcr. 
The t h r e e  p r i n c i p a l  a l t e r n a t i v e s  are: 

(a) a c q u i s i t i o n  c o s t  , 

(b) b lock  f u e l ,  

(c) l i f e - c y c l e  c o s t :  t h i s  combines t h e  e f f e c t s  of t h e  o t h e r  two cho ices  
and i s  f r e q u e n t l y  regarded as t h e  most l o g i c a l  b a s i s  f o r  des ign  
opt imiza t ion ;  i t  is  a l s o  t h e  most d i f f i c u l t  t o  j u s t i f y ,  a s i t  
implies  p r e d i c t i o n s  of c o s t  and u t i l i z a t i o n  f o r  perhaps twenty years 
i n t o  the f u t u r e .  

The impl i ca t ions  of t h e  choice  of op t imiza t ion  parameter  have been exam- 
ined and w i l l  be d iscussed  l a t e r .  

To provide  a meaningful comparison, t h e  convent ional  a n d  advanccd a i  r- 
c r a f t  must be designed t o  r e a l i s t i c  ground r u l e s .  I n  ordclr L o  t;ikca ;idv;iiit.igc* 
of an ex tens ive  data bank whicli a 1  rc.ady e x i s t e d ,  ;i T,oc.k~icic~tl-(:(.or~:i i t  c - o i i c . c > p t  

f o r  t h e  Advanced C i v i l  /Mil i t n r y  A i r c r a f t  (ACMA) ( r e f ~ ~ r e n c c ~  2 )  w i i s  s c l e c t c d  ;I:; 

t h e  b a s e l i n e  f o r  t h e  p re sen t  s tudy .  The b a s i c  t lcs ign p:ir;iiitc.tc*rs arc': 

Pay load 

Range 

Cruise  speed 

Cruise  a l t i t u d e  (minimum) 

Approach speed (ha l f  f u e l )  

F l e e t  s i z e  

Fuel  price 

Annual u t i l i z a t i o n  

Design l i f e  

Optimizat ion parameter 

Mater ia l  

Cost b a s i s  

331,000 l b  

4,000 n.mi 

0.8 M 

31,000 f t  

142 KEAS 

100 u n i t s  

$2 /ga l lon  

900 hours  

20 y e a r s  

1 i f  e-cycl e cost 

ii 1 urn inum 

1983 d o l l a r s  

The base l ine  c o n f i g u r a t i o n  which r e s u l t e d  from t h e  use o f  T,ockhecd- 
Georgia ' s  in-house advanced des ign  General  A i r c r a f t  S i z i n g  Program (GASP) i s  
shown i n  F igu re  4 .  The f u s e l a g e  width and h e i g h t  are designed t o  accommodate 
t h r e e  rows of con ta ine r s ,  side-by-side,  o r  t h e  m a j o r i t y  of t h e  army heavy 
equipment i t e m s .  

2 8  
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Figure 4 .  - Military baseline configuration. 
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Four conf igu ra t ions  were analyzed. These c o n f i g u r a t i o n s  a r e :  

1. 

2 .  

3. 

4 .  

Base l ine  conventional aluminum a i r p l a n e . -  The f u s e l a g e  w a s  s i z e d  t o  
accommodate 331,000 pounds of cargo c o n s i s t i n g  of e i t h e r  t h e  l a r g e s t  
l i k e l y  a r m y  v e h i c l e  o r  of t h r e e  side-by-side rows of 8 - foo t  wide con- 
t a i n e r s .  The b a s i c  p r i c e  of t h e  r a w  materials w a s  assumed t o  b e  
$ 3 / l b  f o r  sheet  and $ 6 / l b  f o r  shaped s t o c k .  

Advanced aluminum a i r p l a n e . -  This  c o n f i g u r a t i o n  w a s  de r ived  from t h e  
b a s e l i n e  by assuming an across-the-board s u b s t i t u t i o n  of aluminum- 
l i t h i u m  with s imi la r  mechanical p r o p e r t i e s  b u t  a d e n s i t y  of 94 pe rcen t  
of t h a t  of t h e  b a s i c  aluminum a l l o y s .  
t o  app ly  i n  t h e  mid 1 9 9 0 ~ ~  t h e  sav ings  i n  l i f e - c y c l e  c o s t s  w e r e  
judged t o  b e  g r e a t e r  u s i n g  a lower d e n s i t y  aluminum a l l o y  than  us ing  
a s t i f fe r  aluminum. Advantage w a s  taken of t h e  weight s av ing  t o  r e s i z e  
t h e  a i r c r a f t ,  r e s u l t i n g  i n  a smaller a i r c r a f t ,  t h u s  us ing  smaller 
engines  and less f u e l .  Payload and fuse l age  volume remained unch:ingcd. 
I n  t h e  absence of any d e f i n i t i v e  p r i c e  p r o j e c t i o n s  f o r  1995 i t  was 
assumed tha t  s h e e t  s t o c k  would cost  $ 9 / l b  and shaped raw s t o c k  $ 1 8 / l b .  

With t h e  h igh  f u e l  p r i c e  assuxed 

Advanced technology composite f u s e l a g e  w i t h  convent ional  aluminum f o r  
t h e  remainder of t h e  s t r u c t u r e . -  Th i s  c o n f i g u r a t i o n  assumed a predomi- 
n a t e l y  graphite/epoxy f u s e l a g e  s t r u c t u r e  i n  which t h e  maximum p r a c t i -  
c a l  use was made of advanced composite m a t e r i a l s .  
aluminum s t r u c t u r e  w a s  r e t a i n e d  where no c l e a r  advantage could be 
fo re seen  f o r  composite conversion. I n  p a r t i c u l a r ,  t h e  p i l o t s '  c ab in ,  
h igh ly  loaded main frames, and t h e  cargo f l o o r  w e r e  r e t a i n e d  i n  
aluminum. Thus 70  p e r c e n t  of t h e  f u s e l a g e  s t r u c t u r e  w a s  converted 
t o  graphite/epoxy. The a i r p l a n e  w a s  r e s i z e d  t o  t ake  advantage of t h e  
weight saving. 
and a low degree of automation w a s  assumed. 

Conventional 

The graphi te /epoxy mater ia l  w a s  assumed t o  c o s t  $32 / lb  

Advanced technology composite a i r p l a n e . -  The f u s e l a g e  assumptions 
w e r e  t h e  same as f o r  c o n f i g u r a t i o n  3. I n  t h i s  c o n f i g u r a t i o n  t h e  
wing and empennage s t r u c t u r e s  were a l s o  converted t o  graphi te lepoxy 
where a c l e a r  advantage would b e  shown. Thus 80 pe rcen t  of t h e  wing 
and 60 percent of t h e  empennage w e r e  converted.  Th i s  c o n f i g u r a t i o n  
w a s  a l s o  resized t o  t a k e  advantage of t h e  weight s av ing .  The payload 
and fuselage volume a g a i n  remained unchanged. 

Each of t h e  above c o n f i g u r a t i o n s  w a s  optimized f o r  minimum l i f e - c y c l e  c o s t .  
Table 6 shows a numerical comparison of t h e  weights  of each c o n f i g u r a t i o n  
a long  w i t h  t h e  wing area, a s p e c t  r a t i o ,  and r a t e d  t h r u s t / e n g i n e .  

It should b e  noted t h a t  f o r  t h e  composite f u s e l a g e  convent ional  aluminum 
a i r p l a n e  t h e  fuse l age  weight changes by only a s m a l l  amount a f t e r  r e s i z i n g .  
The volume and t h e  payload must remain t h e  same, b u t  because t h e  rest of t h e  
a i rc raf t  is  s c a l e d  down, t h e r e  is  some r e d u c t i o n  i n  f u s e l a g e  l o a d s  from t h e  
wing, empennage, and gea r  which r e s u l t s  i n  a s m a l l  weight saving.  F igu re  5 
shows a g r a p h i c a l  weight comparison. 
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TABLE 6 .  - MILITARY CONFIGURATIONS WEIGHT COMPARISONS 
- - __ 

I 

Ib 905,865 862,137 842,374 761,409 

Ib 289,716 277,854 274,322 247,108 
Ib 52,577 50,380 49,677 44,702 

Advanced Composite Composite 
- Units I Baseline Aluminum Fuselage Airplane 

sq ft 9,487 8,949 8,760 7,818 
- 9.14 9.20 . 9.14 9.63 
Ib 78,387 75,207 74,283 67,736 

Ib 178,767 159,344 163,276 112,332 
Ib 168,882 158,129 132,100 131,107 
Ib 14,454 13,084 13,693 10,290 
Ib 74,526 66,846 69,747 54,828 

Ib 436,629 397,403 378,816 308,557 

Ib 90,230 86,728 85,661 77,527 
Ib 48,006 47,006 46,897 44,325 

Ib 1 574,865 I 531,137 I 511,374 1 430,409 I 

Quantitylconfiguration 

Wing Area 
Aspect Ratio 
Rated ThrusdEngine 

Structure Weight 
Wing 
Fusel age 
Empennage 
Other 

Total 

Propulsion 
Systems & Equipment 

Operational Wt. Empty 

Cargo 

Zero Fuel Weight 

Block Fuel 
1 Reserve Fuel 7 Airplane Gross Weight 

I - 
Table  7 summarizes t h e  c o s t  da t a  f o r  the f o u r  conf igu ra t ions .  The 

s t r u c t u r e  c o s t s  i nc lude  m a t e r i a l  and l a b o r ,  w i t h  t h e  except ion  of  eng inee r ing  
and QA. These c o s t s  a r e  average cos t s  f o r  t h e  l a s t  95 of  a t o t a l  of  100 a i r -  
c r a f t  produced. The f i r s t  5 a r e  included i n  t h e  RDT&E c o s t .  Other s t r u c t u r e  
inc lude  pylons ,  n a c e l l e s  and landing gea r .  Product ion  suppor t  covers  engi-  
nee r ing  and QA and inc ludes  warranty c o s t .  The p r o f i t  i s  assumed t o  be 
20 pe rcen t  of  a i r f r ame  less engines.  
c o s t  t i m e s  95 p lanes .  RDT&E inc ludes  des ign ,  s t r u c t u r a l  test  a r t i c l e s ,  tes t -  
i n g ,  e t c .  and f i v e  a i r c r a f t  f o r  f l i g h t  test  w i t h  c o s t  of  r e f u r b i s h i n g  p r i o r  
t o  d e l i v e r y .  Thus f l e e t  t o t a l  cost  i s  f o r  100 a i r c r a f t .  

F l e e t  r e c u r r i n g  c o s t  i s  u n i t  r e c u r r i n g  

The u n i t  a c q u i s i t i o n  c o s t s  are compared g r a p h i c a l l y  i n  F igure  6 and u n i t  
l i f e - c y c l e  c o s t s  are compared g raph ica l ly  i n  F igure  7.  

Table  8 summarizes t h e  weight,  f u e l  and c o s t  sav ings .  

Figures  8,  9 and 10 compare g raph ica l ly  t h e  a i r p l a n e  gross  weight s a v i n g s ,  
t h e  f u e l  c o s t  sav ings  and t h e  l i f e - c y c l e  c o s t  s av ings .  

1,190,37 1 I 1,166,373 1 1,053,219 I I 1'248'158 ' 1 Ib 
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LB 

400,000 

200,000 

OTHER 

EMP. 

FUS. 

WING 

1 9.0% 1 13.2% t 
1 

10.1,% 

9.7% 

6.4% 

10.6% 

ADVANCED COMPOSITE 

29.3% 

'26.9% 

29.0% 

.22.4% 

37.1% 

COMPOSITE 
AIRPLANE A L U M I N U M  FUSELAGE AIRPLANE 

AIRPLANE AIRPLANE 

Figure  5. - M i l i t a r y  conf igu ra t ions  weight comparisons. 

The above comparisons a r e  a f f e c t e d  by a number of choices  t h a t  must b e  
made du r ing  t h e  opt imiza t ion  process .  The e f f e c t s  of two of t h e  more in f luen -  
t i a l  o f  t h e s e  d e c i s i o n s  are d iscussed  below. 

In f luence  of choice of op t imiza t ion  parameter :  'rhc conf igu ra t ions  
descr ibed  previous ly  w e r e  ob ta ined  by opt imiz ing  t h e  t o t a l  l i f e - c y c l e  c o s t s  
over  20 y e a r s ,  wi th  100 a i r c r a f t  f l y i n g  900 hours  a yea r  and w i t h  fue l  p r i c e d  a t  
$2 /ga l lon .  S ince  t h e  fue l  c o s t  r e p r e s e n t s  approximately one-third of thcb 
t o t a l  l i f e - c y c l e  cost  , whi le  a c q u i s i t i o n  c o s t  r e p r e s e n t s  roughly one-ha1 f ,  
i t  can be expected t h a t  changing the  o p t i m i z a t i o n  parameter w i l l  r e s u l t  i n  
a major change t o  t h e  conf igu ra t ion .  The e f f e c t s  of two o t h e r  op t imiza t ion  
parameters  w e r e  examined du r ing  t h e  s tudy :  

(a) a c q u i s i t i o n  c o s t ,  which r e p r e s e n t s  t h e  immediate shor t - te rm b e n e f i t  

(b) b lock  f u e l  weight ,  which r e f l e c t s  t h e  most energy e f f i c i e n t  des ign  

The optimum s o l u t i o n s  f o r  both t h e  convent iona l  aluminum and t h e  g r a p h i t e /  
epoxy a i r p l a n e s  were obta ined  us ing  t h e  same ground r u l e s  as were used f o r  t h e  
l i f e - c y c l e  c o s t  op t imiza t ion .  
both ignore  f u e l  p r i c e ,  t h e  u t i l i z a t i o n  ra te  and f u e l  p r i c e  have no i n f l u e n c e  
on t h e  s o l u t i o n s .  
cheapest  t o  b u i l d ,  which ( f o r  a cons t an t  fu se l age )  t r a n s l a t e s  i n t o  t h e  sma l l e s t  
wing and thus  i n t o  a low a s p e c t  r a t i o  c o n f i g u r a t i o n .  Table  9 summarizes the  
r e s u l t s  of t h e  study. I t  can be seen  t h a t  both t h e  minimum.acquisit ion cos t  

Since  a c q u i s i t i o n  c o s t  and b lock  f u e l  weight 

The minimum a c q u i s i t i o n  c o s t  s o l u t i o n  becomes simply t h e  
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I Advanced Composite 
Fuselage 

Composite 
Airplane Element 

Wing Structure 
Fuselage Structure 
Tail Structure 
Other Structure 

Total Structure 

Unit Baseline Aluminum 

$M 24.25 24.39 
$M 28.23 29.40 
$M 3.07 3.07 
$M 8.29 8.8 1 

$M 63.84 65.67 

Propulsion 
Systems and Equipment 
Prod Support and Fee 
Spares and Support 

Unit Recurring Cost 

Fleet Recurring Cost 
R D T a n d i  

Fleet Total Cnst 

Avg Unit Acquisition Cost 

Unit Lifetime Fuel Cost 
Other Unit Cost/Lifetime 

22.36 24.92 
30.92 30.70 
2.94 I 2.91 
7.80 8.05 

64.02 66.64 
~ ~~~_~ 

$M 31.88 31.14 
$M 15.7 1 15.05 
$M 68.71 67.67 
$M 23.95 24.00 

$M 204.09 203.53 

$M 1938800 19336.00 
$M 8598.00 8535.00 

fM 

$M 279.86 278.71 

$M 175.85 168.60 
$M 124.18 1 18.60 

_ _  

w m 7 4  nn 
L I V I  I.UU 

wmnc nn 
Lf JOO.UU 

30.93 
14.76 
64.76 
23.58 

198.05 

i s 8  15.00 
8224.00 

~~ 

29.91 
13.76 
60.77 
23.94 

196.14 

18633.00 
7780.00 

nn * - ̂ ^ 

520.80 w 
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Unit Life Cycle Cost $M 579.89 565.90 

2 

Element 

Fuselage Structure Wt. Saving 
Airplane Structure Wt. Saving 
Airplane Gross Weight Saving 

Acquisition Cost Saving 
Fuel Cost Saving 
Life-Cycle-Cost Saving 

Advanced Composite Composite 
Airplane Unit Baseline Aluminum Fuselage 

% - 6.4 21.8 22.4 
% - 9.0 13.2 29.3 
% - 4.6 6.6 15.6 

% - 0.4 3.4 5.6 
% - 4.1 5.3 15.0 
% - 2.4 4.5 10.2 
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Figure 6. - Unit acquisition costs for various 
military aircraft configurations. 
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Figure 7. - Unit life cycle costs for various 
military aircraft configurations. 
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Figure  8. - A i r c r a f t  gross weight sav ings  f o r  va r ious  
m i l i t a r y  a i rcraf t  conf igu ra t ions .  

With Composite 
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Aluminum 

- 

- 
impoa 

Airplane 
3 

Figure  9. - Savings i n  f u e l  c o s t s  f o r  v a r i o u s  
m i l i t a r y  a i r c r a f t  c o n f i g u r a t i o n s .  
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ORIOINAL ‘PAGE E 
OF POOR QUALITY 

20 Year Lifeline SZIGallan Fuel Cast 

iluminum Compos e 
With Composite Airplane 
Fuselage 

Aluminum 

Figure 10. - Savings i n  l i f e  c y c l e  c o s t s  f o r  v a r i o u s  
m i l i t a r y  a i r c r a f t  c o n f i g u r a t i o n s .  

and minimum block f u e l  s o l u t i o n s  have h igher  l i f e - c y c l e  c o s t s  t han  t h e  s o l u -  
t i o n  obta ined  by minimizing t h e  l i f e - c y c l e  c o s t  d i r e c t l y .  For t h e  g r a p h i t e l  
epoxy a i r p l a n e ,  i n  t h e  f i r s t  case  t h e  cheaper buy i s  some 1 7  percent  more 
expensive i n  f u e l ,  w h i l e  i n  t h e  o t h e r  case  t h e  most f u e l - e f f i c i e n t  des ign  
c o s t s  some 17  percent  more t o  buy. Regardless  of t h e  op t imiza t ion  parameter  
s e l e c t e d ,  t h e  graphi te lepoxy a i r p l a n e  i s  less expensive than  t h e  convent iona l  
aluminum a i rp l ane .  

In f luence  of f u e l  p r i c e :  The l a r g e  c o n t r i b u t i o n  of f u e l  c o s t s  t o  t h e  
t o t a l  l i f e - c y c l e  c o s t  (approximately one - th i rd ) ,  combined w i t h  t h e  u n c e r t a i n t y  
a t t ached  t o  p red ic t ions  of f u e l  c o s t  i n  t h e  mid-1990’s ( s i n c e  f u e l  p r i c e s  a r e  
now more a r e s u l t  of p o l i t i c a l  manipulat ion than  of normal supply-and-demand 
p r o c e s s e s ) ,  suggested t h a t  a s tudy  of t h e  s e n s i t i v i t y  of t h e  p red ic t ed  
b e n e f i t s  t o  v a r i a t i o n s  i n  f u e l  p r i c e  would b e  worthwhile .  

The conf igura t ion  op t imiza t ion ,  u s ing  t o t a l  l i f e - c y c l e  c o s t ,  was t h e r e f o r e  
repea ted  f o r  f u e l  p r i c e s  of $1 and $ 3  per  g a l l o n ,  and t h e  r e s u l t s  compared wi th  
t h e  o r i g i n a l  $2/gal lon va lues .  The convent iona l  aluminum and graphi te lepoxy 
a i r f r ames  were both examined f o r  t h e  t r e n d s ,  which are  summarized i n  Table  10 
and shown g raph ica l ly  i n  F igure  11. 

From t h e s e  r e s u l t s ,  i t  can be es t imated  t h a t  f u e l  c o n t r i b u t e s  one h a l f  of 
t h e  t o t a l  0 & S cos t  i f  t h e  f u e l  p r i c e  reaches  $1.50 pe r  g a l l o n ,  and t h a t  t h e  
t o t a l  0 & S c o s t  and a c q u i s i t i o n  c o s t  each c o n t r i b u t e  50 percent  t o  t o t a l  l i f e -  
cyc le  c o s t .  A t  higher f u e l  p r i c e s ,  f u e l  c o s t s  begin  t o  dominate,  u n t i l  a t  
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TABLE 9. - EFFECT OF CHANGING OPTIMIZATION PARAMETER 

Wing area 

Aspect ratio 
-. - ~ 

Rated thrudengine 

Struct. wt., Wing 

Fur. 

Other 

Total 

Prop., sys., & eqpt. 

Operating weight 

Payload 

Zero fuel weight 

Block fuel 

Res. fuel 

Gross wt. 

Unit acq.cost (1) 

Fu el/a-c/yr 

Other costsla-clyr (2) 

Total fuel/a-c (3) 

Other costla-c 

Unit LCC 

i3) 

Conventional Aluminum Airplane 

Acq. Cost 

9,594 

6.29 

92,585 

132,523 

168,853 

92,383 

39 3,7 59 

154,830 

548,589 

331,000 

879,589 

331,596 

58,854 

1,270,039 

I 271.5 

10.11 

6.68 

202.1 

133.7 

607.3 

(1) IncludesRDT&E and spares 
(2) Does not include fuel 
(3) 20 years 

LCC 

9,487 

9.14 

78,387 

178,767 

168,882 

88,980 

436,629 

138,236 

574,865 

331,000 

905,865 

289,716 

52,577 

1248,158 

279.9 

8.79 

6.21 

175.8 

124.2 

-1 

Fuel Wt. 

10,393 

12.35 

79,724 

274,534 

170,112 

95,347 

539,993 

140,845 

680,838 

331,000 

1,011,838 

-1 
49,431 

1,331,521 

317.2 

8.07 

6.66 

161.3 

133.3 

61 1.8 

Composite Airplane 

Acq. Cost 

8,102 

6.65 

80,259 

84,416 

131258 

68,545 

284.2 19 

137,706 

421,925 

331,000 

752,925 

287,372 

50,930 

1,091,227 

-1 
8.75 

5.71 

175.0 

114.1 

547.3 

LCC 

7,818 

9.63 

67,736 

1 12,332 

131,107 

65.1 18 

308,557 

121,852 

430,409 

331,000 

761,409 

247,108 

44,702 

1,053,219 

264.1 

7.48 

5.35 

149.5 

107.2 

p z x  

Fuel Wt. 

9,329 

13.84 

69,891 

188,8 37 

131,855 

69,616 

390,308 

126,778 

5 17,086 

331,000 

848,086 

-1 
40,810 

1,112,8 1 8 

309.1 

6.64 

5.75 

132.7 

115.2 

557.0 

- 
__ 
Units 

- 
;q. ft. 

- 
Ib. 

Ib. 

Ib. 

Ib. 

Ib. 

Ib. 

Ib. 

Ib. 

Ib. 

Ib. 

Ib. 

Ib. 

$M 

$M 

$M 

$M 

$M 

$M 
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TABLE 10. - INFLUENCE O F  F U E L  P R I C E  ON MINIMUM LLCC D E S I G N  

Wing area 

Aspect Ratio 

Rated thrust/engine 

Str. wt. -Wing 

Fus. 

Other 

Total 

Prop., sys., eqpt. 

Operating weight 

Payload 

Zero fuel weight 

Block fuel 

Reserve fuel 

Gross wt. 

Unit acq. cost (1) 

F uel/a-c/y ear 
- 

Other costs/a-c/year (21 

Total fuel/ac (3) 

(3) Other cost/a-c 

Unit LCC 

Conventional Aluminum Airplane 

1 

9,450 

8.63 

79,828 

168,324 

168,793 

88,869 

425,986 

139.8 19 

565,805 

331,000 

896,805 

293,674 

53,137 

1,243,616 

277.2 

4.46 

6.22 

89.2 

124.5 

490.9 

(1) includes ROT&€ and spares 
(2) Does not include fuel 
(3) 20 years 

2 

9,487 

9.14 

78,387 

178,767 

168,882 

88,980 

436,629 

138,236 

574,865 

331,000 

905,865 

289,7 16 

52,577 

1,248,158 

279.9 

8.79 

6.21 

175.8 

124.2 

579.9 

3 

9,371 

9.39 

77,680 

184,411 

168,925 

88,931 

442,267 

137,369 

579,636 

331,000 

910,636 

287,198 

52,200 

1,250,034 

281.9 

13.07 

6.20 

261.4 

124.0 

667.3 

Composite Airplane 

1 

7.7 30 

9.04 

68,700 

106,258 

131,091 

65,226 

302,5 7 5 

122,706 

425,281 

331,000 

756,281 

253,161 

45,692 

1,055.1 34 

261.2 

3.84 

5.36 

76.8 

107.2 

445.2 

2 

7,818 

9.63 

67,736 

112,332 . 

1 31,107 

65,118 

308,557 

121,852 

430,409 

331,000 

76 1,409 

247,108 

44,702 

1,053.2 19 

264.1 

7.48 

5.35 

149.5 

107.2 

520.8 

3 

7,8 30 

10.29 

67,160 

121,934 

131,157 

65,194 

318,285 

120,946 

439,231 

331,000 

770,2 3 1 

240,360 

43,592 

1,054.1 65 

268 -7 

10.87 

5.37 

217.4 

107.4 

593.5 

Units 

$/gal 

sq. ft. 

- 
Ib. 

Ib. 

Ib. 

Ib. 

Ib. 

Ib. 

Ib. 

Ib. 

Ib. 

Ib. 

Ib. 

Ib. 

$M 

$M 

$M 

$M 

$M 

$M 
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Conventional Aluminum - 
- 

- UNIT-LCC 

Conventional 
Aluminum 

TOTAL FUEL I AIC 

- 

r GraphiteIEpoxy 

Figure  11. - Inf luence  of f u e l  p r i c e  on LCC. 

$3.00 pe r  g a l l o n ,  t hey  almost equa l  a c q u i s i t i o n  c o s t ,  each  provid ing  about  
40 percent  of  t h e  t o t a l  l i f e - c y c l e  cos t .  

S i m i l a r l y ,  t h e  b e n e f i t s  o f  r ep lac ing  aluminum w i t h  graphi te /epoxy composite 
m a t e r i a l  i n c r e a s e  as f u e l  c o s t s  increase .  For f u e l  a t  $1 per  g a l l o n  t h e  l i f e  
c y c l e  c o s t  is  reduced by 9 . 3  percen t  bu t  by 11.1 percent  when f u e l  i s  $3 p e r  
ga l lon .  The t o t a l  f u e l  c o s t  over  20 y e a r s  i s  lowered by 13.9 percent  when f u e l  
i s  a t  $1 pe r  g a l l o n  but  by 16.8 percent when f u e l  is  a t  $3 per  ga l lon .  S ince  
f u e l  p r i c e  is no longer  a normally p r e d i c t a b l e  economic f a c t o r  but  more s u b j e c t  
t o  i n t e r n a t i o n a l  p o l i t i c a l  p re s su res  reducing  f u e l  usage is  an  important  
cons ider  a t  i on. 

Adoption of  t h e  minimum a c q u i s i t i o n  c o s t  d e s i g n  w i l l  ach ieve  less t o t a l  
s av ing  because of t h e  g r e a t e r  f u e l  consumption of t h e  low a s p e c t  r a t i o  wing. 
S e l e c t i o n  of t h e  minimum block  f u e l  des ign ,  a l though ga in ing  a l i t t l e  more 
b e n e f i t  i n  f u e l  c o s t ,  w i l l  c o s t  more t o  buy, and t h e  l i f e - c y c l e  c o s t  will bc 
g r e a t e r .  

1.3.2 Commercial bene f i t s . -  Commercial b e n e f i t  a n a l y s e s  were performed ------- 
us ing  s e v e r a l  v e r s i o n s  of t h e  ATX-3501 a i r p l a n e  shown i n  F igure  12. These 
c o n f i g u r a t i o n s  were: 

1. Base l ine  convent iona l  aluminum a i r p l a n e  

2.  Advanced aluminum a i r p l a n e  
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Figure 12. - ATX-3501 general arrangement. 
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3 .  Advanced technology composites f u s e l a g e - w i t h  convent iona l  aluminum 
f o r  remainder of  a i r f r ame  s t r u c t u r e .  

4 .  Advanced technology composites a i r p l a n e  wi th  convent iona l  aluminum 
f o r  remaining aluminum s t r u c t u r e .  

Each conf igu ra t ion  makes use  of advanced s y s t e m s  and propuls ion  and a l l  bu t  t he  
b a s e l i n e  inc lude  advanced s t r u c t u r a l  concepts .  A more de t a i l - ed  d e s c r i p t i o n  of 
each conf igu ra t ion  is presented  l a t e r  i n  t h i s  s e c t i o n .  

Fuselage 
Skins 
Stringers 
Splices 
Bulkheads 
Frames 
Pressure deck 
Floor support 
Floor i3 fairings 
Doors 
Windows 
Misc 

The weight breakdown of t he  base l ine  fuse l age  i s  shown i n  Table  11. Th i s  
weight breakdown w a s  reviewed t o  de f ine  t h e  percent  conversion t o  composites 
and t h e  a n t i c i p a t e d  percent  weight  savings f o r  input  t o  ASSET. These are  a l s o  
shown i n  Table  11. 

Orig % Conv Wt Wt Total % Comp 
Struc to % Wt Orig Comp Struc After 
Wt Comp Saved Mat Wt Wt Conv 

100.0 75.0 15.2 25.0 59.8 84.8 70.5 
29.4 100.0 22.0 0.0 22.9 22.9 100.0 

7.1 100.0 26.0 0.0 5.3 5.3 100.0 
1.5 80.0 18.0 0.3 0.9 1.2 75.6 

11.0 66.4 15.0 3.7 5.7 9.4 60.5 
8.8 100.0 15.0 0.0 7.5 7.5 100.0 
7.2 93.2 15.0 0.5 5.6 6.1 92.0 
9.9 100.0 18.0 0.0 8.1 8.1 100.0 
6.9 0.0 0.0 6.9 0.0 6.9 0.0 
5.3 87.0 15.0 0.7 3.8 4.5 84.7 
3.7 0.0 0.0 3.7 0.0 3.7 0.0 
9.2 0.0 0.0 9.2 0.0 9.2 0.0 

The c o s t  model i n  ASSET inc ludes  t h r e e  r o u t i n e s  f o r  development, procure- 
ment, and ope ra t ion  and suppor t  ( d i r e c t  and i n d i r e c t  o p e r a t i n g  c o s t s ) .  The 
a i r c r a f t  manufactur ing s e c t i o n  i n  t h e  procurement r o u t i n e  o p e r a t e s  a t  a sub- 
system l e v e l  (wing, t a i l ,  e l e c t r i c a l ,  e t c . )  f o r  manufactur ing l abor  and f o r  
material. The s t r u c t u r a l  e lements  (wing, t a i l ,  body, e t c . )  are f u r t h e r  sub- 
d iv ided  by material type  t o  provide f o r  t h e  v a r i o u s  s t r u c t u r a l  material mixes. 

The b a s i c  des ign  paremters  f o r  t h e  ATX-3501 conf igu ra t ions  used i n  t h e s e  
a n a l y s e s  a r e :  

Pay 1 oad 73,500 l b  

Range 4,600 n.mi 

Cru i se  speed 0.8 M 

Cru i se  a l t i t u d e  36,000 f t  
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2,500 n.mi 

5.99 h r  

Average s tage  length  

Block t i m e  

F l i g h t  time 5.66 h r  

U t i l i z a t i o n  4,142 h r  /year 

Fare $265. 1.0 

Cost b a s i s  1980 dol  l a r s  

To ta l  procurement 300 a i r p l a n e s  
i 

A more d e t a i l e d  d e s c r i p t i o n  of t h e  ASSET program i n  g e n e r a l ,  as w e l l  as t h e  
procedures  followed, d a t a  used and c o n f i g u r a t i o n s  analyzed i n  t h i s  s t u d y ,  is  
presented  on the  fo l lowing  pages. 

The ASSET program r e s i z e s  each c o n f i g u r a t i o n  from t h e  b a s e l i n e  t o  take 
advantage of the  weight  saved. 

The fuse lage  w a s  broken i n t o  r e p r e s e n t a t i v e  c o n s t i t u e n t  p a r t s  based on 
percent  of t o t a l  f u s e l a g e  weight .  Each p a r t , w a s  then  examined f o r  a p p l i c a t i o n  
t o  advanced composites. The percentage  converted t o  composites and t h e  per--  
centage sav ings  f o r  each p a r t  were e s t ima ted ,  r e s u l t i n g  i n  post-conversion 
weight of o r i g i n a l  m a t e r i a l  and of advanced composite,  as w e l l  as t h e  t o t a l  
post-conversion weight.  

Table  11 p resen t s  t he  es t imated  material conversion and weight s av ings  
f a c t o r s  r e s u l t i n g  from aggres s ive  a p p l i c a t i o n  of advanced composite m a t e r i a l s  
i n  t h e  fuse l age .  

The s tudy ind ica t ed  a p o t e n t i a l  weight s av ings  of 15 pe rcen t  on a f u s e l a g e  
w i t h  75 percen t  of t h e  material  converted t o  composi tes .  These estimates are 
based on des ign  u l t i m a t e  s t r a i n  a l lowables  of 0.0060 i n / i n  t e n s i o n ,  0.0045 i n / i n  
compression and 0.0048 i n / i n  shea r .  The compression s t r a i n  cu to f f  i s  a minor 
in f luence  i n  the  f u s e l a g e  because s t r u c t u r e  which i s  compression c r i t i c a l  t ends  
t o  be designed by buckl ing  c r i te r ia  and u s u a i l y  buckles  a t  s t r a i n s  of 0.0020 t o  
0.0030 i n / i n .  Local post-buckled s t r a i n s  were no t  cons idered  a l i m i t i n g  
f a c t o r .  
conversion of metal s t r u c t u r e  bu t  i n  t h e  fuse Iage  t h i s  would have a minor 
e f f e c t  on t h e  weight saved. 

Increas ing  compression s t r a i n  a l lowables  would p o s s i b l y  p e r m i t  more 

The f i n a l  conf igura t ions  output  from ASSET have been r e s i z e d  t o  t a k e  advan- 
t a g e  of t h e  w e i g h t  sav ing .  A r educ t ion  i n  weight causes  a r educ t ion  i n  t h e  wing 
and t a i l  loads .  The wing and t a i l  can now be reduced i n  s i z e  S O  t h a t  t h e  load- 
i n g  i s  increased  back t o  t h e  optimum. This  i n  t u r n  reduces t h e  weight of t h e  
wing and t a i l  and a cascading weight s av ing  r e s u l t s .  The fuse l age  must remain 
a cons tan t  volume t o  s a t i s f y  t h e  payload requirements  so planform a rea  remains 
cons t an t .  The reduced wing and t a i l  loads  however do reduce t h e  fuse l age  shea r s  
and bending moments t o  some e x t e n t  and thus  permit  some reduc t ion  i n  o v e r a l l  
fu se l age  weight .  Thus t h e  f i n a l  r e s i z e d  c o n f i g u r a t i o n  of an a i r p l a n e  w i t h  a 

42 



composite fuse lage  w i l l  show a fuselage weight s av ings  a l i t t l e  h igher  than t h e  
c a l c u l a t e d  inpu t  va lue  of 15.2 percent shown i n  Table 11. The s tandard  format 
f o r  commercial c o n f i g u r a t i o n  weights  is d i scussed  below. 

The weight of t h e  s t r u c t u r e  f o r  wing, f u s e l a g e ,  empennage, landing  gea r ,  
and n a c e l l e s  i s  t o t a l e d  t o  g ive  t o t a l  s t r u c t u r e  weight .  The propuls ion  and 
systems are then  added t o  g ive  t h e  manufactured empty weight (MEW). 
i n c l u d e s , f u r n i s h i n g s  and o t h e r  i t e m s  of equipment t h a t  are an i n t e g r a l  p a r t  of 
t h e  a i r c r a f t .  It  a l s o  inc ludes  any f l u i d s  t h a t  are contained i n  c losed  
systems. 

Th i s  

The s t anda rd  i t e m s  and ope ra t iona l  i t e m s  a re 'now added i n  t o  o b t a i n  the  
o p e r a t i o n a l  empty  weight (OEW). The s tandard  items c o n s i s t  of equipment and 
f l u i d s  t h a t  are no t  an i n t e g r a l  p a r t  of t h e  a i r p l a n e  but  do no t  vary  between 
a i r c r a f t  of t h e  same type.  Normally inc luded  are:  

Unusable f u e l  
Engine unusable  o i l  
Engine usab le  o i l  
Chemical l a v a t o r y  f l u i d s  
Basic emergency and oxygen system equipment 
Supplemental e l e c t r o n i c  equipment 

Opera t iona l  items c o n s i s t  of personnel ,  equipment, f u r n i s h i n g s  and 
s u p p l i e s  necessary  f o r  p a r t i c u l a r  f l i g h t  o p e r a t i o n s ,  u n l e s s  some of t h e s e  
i t e m s  have a l r e a d y  been inc luded  i n  the empty weight .  Normally inc luded  are: 

C r e w ,  c ab in  a t t e n d a n t s  and their  baggage 
Manuals and n a v i g a t i o n a l  equipment 
Cabin s e r v i c e  
Food and beverages 
Usable washing and d r i n k i n g  water 
Overwater emergency equipment 
Cargo c o n t a i n e r s  

The payload i s  now added i n  t o  g ive  the ze ro  f u e l  weight (ZFW). Payload is 
passengers  and cargo.  

F i n a l l y ,  t h e  a v a i l a b l e  f u e l  i s  added t o  g ive  t h e  a i r c r a f t  g r o s s  weight .  

Table  12 shows a comparison of  the r e s i z e d  weights  of t h e  four  configura-  
t i o n s  and Figure  13  shows a graphica l  comparison of t h e  gross  weights  and Fig- 
ure  14 shows t h e  s t r u c t u r e  weight comparisons. Immediately fo l lowing  i s  a 
d e t a i l e d  d e s c r i p t i o n  of each  conf igu ra t ion  and a breakdown of t h e  major com- 
ponents  i n t o  t h e i r  c o n s t i t u e n t  ma te r i a l s .  

Conf igura t ion  . l -base l ine  convent ional  I I_ aluminum - --. - a i r p l a n e :  ._ -- The material 
mix i n  t h e  v a r i o u s  p a r t s  of the a i r p l a n e  w a s  def ined  based on t h e  7,-1011. 
The materials are broken down i n t o  t h e  fo l lowing  c a t e g o r i e s :  aluminum, 
t i t an ium,  s tee l ,  composite,  and o ther  ( see  Table  13) .  For t h e  b a s e l i n e  con- 
f i g u r a t i o n ,  composite c o n s i s t s  of f i b e r g l a s s  and Kevlar  49. 
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TABLE 12. - COMMERCIAL CONFIGURATIONS WEIGHT COMPARISONS 
______ ._ 

Rated ThrusdEngine 

Aluminum Titanium Steel Composite Other 
- -  

Wing 89 3 4 2 2 

Tail 75 8 5 0 12 

Fuselage 84 6 1 2 7 

Landing Gear 23 0 31 0 46 
Nacelles 21 55 13 10 1 

Air Induction 96 4 0 0 0 
A 

- _. TABLE 13. - PERCENTS OF MATERIALS BY WEIGHT (CONFIGU-QTIY- 1) 
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Figure 13. - Commercial a i r c r a f t  g ross  weight  sav ings .  - 
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Figure  14. - Commercial a i r c r a f t  s t r u c t u r e  weight  sav ings .  
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The d a t a  shown i n  Table  13 were inpu t  t o  t h e  ASSET program. The program 
ou tpu t s  t h e  t o t a l  weight of each m a t e r i a l  i n  each  component a f t e r  s i z i n g  t h e  

b a s e l i n e  a i r p l a n e  are  shown i n  Table  14.  
I a i r p l a n e  (or  r e s i z i n g  i n  t h e  l a t e r  c o n f i g u r a t i o n s ) .  These weights  f o r  t h e  

Titanium 

2,521 
701 

3,989 
0 

4.7 10 
112 

12,032 
- _ _ _  

Conf igura t ion  2 advanced aluminum a i r p l a n e :  This  c o n f i g u r a t i o n  i s  based 
on t h e  same assumption as t h e  m i l i t a r y  c o n f i g u r a t i o n ,  t h a t  i s  t h a t  a l l  t h e  
aluminum i s  replaced by aluminum-lithium a l l o y s  of t h e  same s t r e n g t h  and 
s t i f f n e s s  but  w i th  a d e n s i t y  of 94 pe rcen t  of t h e  convent iona l  aluminum a l l o y s .  
The m a t e r i a l  mix of t h e  major components i s  shown i n  T a b l e  15. 

Steel Composite Other Total 

3,361 1,681 1,681 84,026 
438 0 1,051 8,758 
,665 1,330 4,653 66,478 
6,813 0 10,109 21,976 
1,113 856 86 8,564 

' 0  0 0 2,791 

1 23fi 3i866 17,580 192,593 

- 

The d a t a  shown i n  Table  15 were inpu t  t o  t h e  ASSET program. The weight  
ma t r ix  presented  i n  Table 16 shows t h e  weights  ou tput  by t h e  program a f t e r  

I r e s i z i n g .  

Configuat ion 3 composite fuse l age :  Th i s  c o n f i g u r a t i o n  assumed t h e  compos-- --_____ 
i t e  conversion f o r  the fuse l age  shown i n  Table  1 2 .  The material mix i n  t h e  
a i r p l a n e  i s  shown i n  Table 17. 
i n  Table  1 7  f o r  t h e  fuse l age  i s  h ighe r  t han  t h a t  shown i n  Table  12 because 
of t h e  i n c l u s i o n  of f i b e r g l a s s .  

It should be  noted t h a t  t h e  pe rcen t  composite 

Table 17 d a t a  were inpu t  t o  ASSET. The f i n a l  weights  of t h e  va r ious  
materials i n  each component a f t e r  being r e s i z e d  by ASSET are shown i n  Table  18. 

Conf igura t ion  4 al l -composi te  a i r p l a n e :  The al l -composi te  a i r p l a n e  i s  
based on maximum use of composites bu t  s t i l l  r e t a i n s  m e t a l  i n  areas where i t  
would no t  be c o s t - e f f e c t i v e  t o  use  comp6sites.  
f o r  t h e  wing i s  25 percent  and f o r  t h e  t a i l  22 pe rcen t .  
f o r  t h e  f u s e l a g e  i s  used as wi th  c o n f i g u r a t i o n  3 .  The mix of materials by 
weight  percent  is  shown i n  Table  19. These d a t a  w e r e  i npu t  t o  ASSET. 

The weight  s av ings  e s t ima ted  
The same 15 pe rcen t  

The f i n a l  weight of t h e  v a r i o u s  materials i n  each component a f t e r  . r e s i z i n g  
by ASSET i s  shown i n  T a b l e  20. 

______ - TABLE 14. - CONFIGURATION 1. MATERIAL-WEIGHTS MATRIX -~~ _. - -___ _ ~ _ _ -  

I Aluminum I 
Wing 

Tail 

Fusel age 

Landing Gear 

Nacelle 

Air Induction 

74,783 
6,569 
55,842 
5,055 
1,798 
2,680 

I Totals I 146,726 

- !  
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Aluminum 

Wing 88 

Tail 74 

Fuselage 83 

Landing Gear 22 

Nacelle 20 
Air Induction 96 

Wing 

Tail 

Fuselage 

Landing Gear 

Nacelle 

Air Induction 

Titanium Steel Composite Other 

3 5 2 2 

8 5 0 13 

6 1 2 8 
0 31 0 47 

56 13 10 1 

4 0 0 0 

Totals 1 1,623 

TABLE 16. - CONFIGURATION 2 MATERIAL-WEIGHTS MATKIX 

11,947 

Aluminum 

3,726 

67,201 

5,758 

52,000 

4,546 

1,610 

2,401 

16,986 177,799 133,516 

Wing 

Tail 

Fuselage 

Landing Gear 

N ace1 I e 

Air induction 

~ _ _ _ _  

Titanium I Steel 

Aluminum Titanium Steel Composite Other 

89 3 4 2 2 
75 8 5 0 12 
11 7 1 73 8 
23 0 31 0 46 
21 55 13 10 1 
96 4 0 0 0 

2,435 

655 

3,942 

0 

4,485 

105 

3,273 

406 

688 

6,518 

1,063 

0 

Composite I Other I Total 

1,598 

0 

1,314 

0 

813 

0 

1,598 

983 

4,631 

9,694 

81 

0 

76,105 

7,802 

62,576 

20,758 

8,052 

2,506 
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Wing 

Tail 

Fuselage 

Landing Gear 

Nacelle 

Air Induction 

Totals 
L 

Aluminum Titanium Steel Composite 

70,343 2,371 3,161 1,581 

6,032 643 402 0 

6,117 3,893 556 40,594 

4,795 0 6,463 0 

1,694 4,438 1,049 807 

2,526 105 0 0 

91,507 1 1,450 11,631 42,982 

TABLE 19.  - PERCENTS O F  MATERIALS BY WEIGHT (CONFIGURATION 4 )  

Other Total 

1,581 79,037 

965 8,042 

4,449 55,608 

9,590 20,848 

81 8,069 

0 2,631 

16,665 174,235 

Aluminum Titanium Steel 

Wing 11 4 5 
Tail 10 10 6 
Fuselage 11 7 1 

Landing Gear 23 0 31 

Nacelle 11 57 13 

Air Induction 72 4 0 

Composite Other 

77 3 

59 15 

73 8 

0 46 

18 1 

24 0 

48 

I 

Wing 

Tail 

Fuselage 

Landing Gear 

Nacelle 

Air Induction 

Totals 

I 
Aluminum Titanium Steel Composite Other Total 

5,912 2,150 2,687 41,380 

53 1 53 1 319 3,135 

6,024 3,833 548 39,976 

4,325 0 5,830 0 

774 4,012 915 1,267 

1,536 85 0 512 

19,102 10.61 1 10,298 86,270 

1,612 

797 

4,381 

8,651 

70 

0 

1531  1 

53,741 

5,3 13 
54,761 

18,806 

7,038 

2,133 

141,792 



The ASSET program r e q u i r e s  inpu t s  f o r  c o s t  i n  t h e  form of material  c o s t  

P l e n t y  of h i s t o r i c a l  d a t a  e x i s t s  
f a c t o r s  and l abor  c o s t  f a c t o r s .  These f a c t o r s  are based on t h e  a i r p l a n e  t y p e ,  
g e n e r a l  c o n f i g u r a t i o n  and h i s t o r i c a l  d a t a .  
on m e t a l  a i r p l a n e s .  The mix of s h e e t ,  p l a t e ,  e x t r u s i o n ,  and fo rg ing  f o r  a 
p a r t i c u l a r  c o n f i g u r a t i o n  can be determined w i t h  reasonable  accuracy as can 
t h e  mix of aluminum, t i t a n i u m ,  s teel ,  f i b e r g l a s s ,  etc.  H i s t o r i c a l  d a t a  also 
e x i s t  f o r  many c o n f i g u r a t i o n s  which i n d i c a t e  t h e  " f l y  weight" of  material 
relative t o  t h e  "buy weight," o r  scrap f a c t o r s .  
c o n f i g u r a t i o n  t h e s e  s c r a p  f a c t o r s  vary from 1.8 f o r  s h e e t  t o  3 . 3  f o r  fo rg ings .  
Based on t h e  mix of aluminum forms i n  t h e  s t r u c t u r e ,  t h e  cost/pound f l y  weight 
of conven t iona l  aluminum is  $7.66 i n  t h e  wing, $7.26 i n  the  t a i l ,  and $6.71 i n  
t h e  fuse l age .  The corresponding raw material c o s t s  f o r  advanced aluminum are 

To these  c o s t s  must be added t h e  c o s t s  of vendor 
machining and o t h e r  c o s t s  n o t  a t t r i b u t a b l e  t o  d i r e c t  l a b o r .  Thus t h e  material  
c o s t  f a c t o r s  i n p u t  t o  ASSET inc lude  a l l  nonlabor c o s t s .  The material c o s t  
f a c t o r s  used i n  t h i s  s t u d y  are shown i n  Tab le  21 and are i n  $ / l b  o€ material 
by f l y  weight .  There are l i t t l e  h i s t o r i c  d a t a  f o r  advanced composites and 
t h e  r a w  material  c o s t s  are not  as wel l  de f ined  as f o r  metals. The m a t e r i a l  
c o s t  i n p u t  f a c t o r  f o r  composites is assumed t o  be $65.50/1b. T h i s  f i g u r e  
has been used i n  v a r i o u s  s t u d i e s  previously and is  considered t o  b e  a Rood 
average a l l  up c o s t  assuming cu r ren t  manufacturing procedures .  

For aluminum i n  t h e  ATX-3501 

*$19.10, $17.80, and $16.20. 

The l a b o r  c o s t s  f o r  t h e  advanced composite c o n f i g u r a t i o n s  are based on 
c u r r e n t  f a b r i c a t i o n  t echn iques  wi th  minimum automation. The a l l  composite 
c o n f i g u r a t i o n  w a s  a l s o  analyzed f o r  moderate automation and major automation. 
These l a b o r  c o s t  f a c t o r s  w e r e  reduced by 25 'pe rcen t  and 40 p e r c e n t  r e s p e c t i v e l y  
f o r  t h e  composites. 

Steel 

41.60 

31.20 

23.40 

50.70 

98.80 

9.10 

The c o s t s  f o r  each a i r c ra f t  conf igu ra t ion  were based on t h e  fo l lowing  _. gu ide l i l - e s  : 

Composite 

65.50 

. 65.50 

65.50 
__ . - 

65.50 

65.50 

0 The development and production c o s t s  were determined from c o s t  esti-  
mating r e l a t i o n s  (CERs) developed from t o t a l  Lockheed experience.  The 
development c o s t  i s  amortized i n t o  product ion c o s t  f o r  determining 
d e p r e c i a t i o n  expense. 

._ _- T U L E  21. - INPUT 1IATERIAL COST FACTORS ($/LB) 

Wing 

Tail 

Fuselage 

Landing Gear 

Nacelle 

Air Induction 

29.42 

22.47 

14.53 

15.24 

33.65 

6.76 
__ 

Advanced 
Aluminum 

40.17 

32.22 

23.07 

30.40 

- 
- 

Titanium 

115.80 

123.60 

73.60 

50.70 

98.80 

9.20 

Other 

29.42 

22.47 

14.53 

15.24 

33.65 

6.76 
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0 The development and product ion c o s t s  w e r e  Lockheed's a c t u a l  January 
1980 levels for d i r e c t ,  overhead, and g e n e r a l  and a d m i n i s t r a t i v e  rates, 
p l u s  p r o f i t  f a c t o r .  

Opera t iona l  expenses inc lude  b o t h ' d i r e c t  o p e r a t i n g  c o s t s  (DOC) and i n d i r e c t  
o p e r a t i n g  c o s t s  (IOC). The 1967 A i r  T r a n s p o r t a t i o n  Assoc ia t ion  (ATA) equa t ions  
wi th  c o e f f i c i e n t s  updated t o  January 1980 experience are used t o  c a l c u l a t e  a l l  
elements of DOC. I n d i r e c t  o p e r a t i n g  c o s t s  are based on a Lockheed-Boeing 
method of c o e f f i c i e n t s  and f a c t o r s .  The f a c t o r s  were e x t r a c t e d  from U.S. 
Civ i l  Aeronaut ics  Board (CAB 41) d a t a  r e f l e c t i n g  i n p u t s  through 1978. 

- _  _ _  - - 
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0 The ope ra t ing  c o s t s  were determined from 1967 A i r  Transport  Assoc ia t ion  
(ATA) equat ions w i t h  c o e f f i c i e n t s  updated from January 1980 experience.  

0 Passenger load f a c t o r s  of 60 percent  a t  average s t a g e  l e n g t h  and 
100 percent  a t  des ign  range. 

0 Fuel  p r i c e s  of  $1, $2 ,  and $3  p e r  ga l lon .  

0 C r e w  of three.  

Three c o s t  components are used i n  d e f i n i n g  advanced technology a i r c ra f t  
c o s t s .  These are:  development, p roduc t ion ,  and o p e r a t i o n .  

For development c o s t s ,  b a s i c  program elements are i d e n t i f i e d  w i t h i n  each 
of t h e  phases.  .These b a s i c  e lements  were s e l e c t e d  a t  a componenf o r  f u n c t i o n  
l e v e l  where s i g n i f i c a n t  c o s t  v a r i a t i o n s  may occur .  Th i s  is  a l e v e l  where con- 
f i g u r a t i o n  and program v a r i a t i o n s  can be d i r e c t l y  r e f l e c t e d  i n  c o s t  and y e t  a t  
a l e v e l  compatible w i t h  conceptual  des ign  a n a l y s i s .  C o s t - s i g n i f i c a n t  configura-  
t i o n  and program parameters were i d e n t i f i e d  and combined i n t o  c o s t  e s t i m a t i n g  
r e l a t i o n s h i p s  (CER) f o r  each b a s i c  element.  These CERs are programmed w i t h i n  
t h e  c o s t  module of t h e  Lockheed ASSET computer program f o r  c a l c u l a t i o n  of 
investment c o s t ,  ope ra t ing  expenses,  and r e t u r n  on investment.  

The CERs f o r  the development and product ion c o s t s  a r e  formulated from a 
comprehensive a n a l y s i s  of Lockheed a i r c r a f t .  Tool ing and engine CERs are 
provided by a RAND Corporat ion a n a l y s i s  ( r e f e r e n c e  3) augmented by d a t a  
from t h e  engine manufacturers.  The Lockheed da tabase  i n c l u d e s  14 p ro to types  
and 16 produc t ion  programs. 

The o u t p u t s  of t h e  development and product ion CERs are, f o r  t h e  most p a r t ,  
i n  t h e  form of labor hours  and material d o l l a r s .  Hours are t r a n s l a t e d  t o  dol-.  
lars, u s i n g  Lockheed's a c t u a l  January 1980 d i r e c t ,  overhead and g e n e r a l  and 
a d m i n i s t r a t i v e  r a t e s  p l u s  a p r o f i t  f a c t o r  of 15 p e r c e n t .  

ilevelopment costs inc lude  a l l  t h e  c o s t s  necessa ry  t o  des ign ,  develop, and 
demonstrate  t h a t  the a i r c r a f t  meets i t s  requirements  cu lmina t ing  i n  FAA 
c e r t i f i c a t i o n .  



I h : o i i o m i c :  d a ~ ; ~  f o r  the  rcferclricc: tiircraft consist o f  a cost summary which 
d e L a i l ~  total HL)T&E program costs, aircraft production cost, and procurement 
(flyaway) cost per aircraft. A summary of t h e  aircraft operational costs (both  
direct and indirect) and rate of return on investment was determined for a 
hypothetical airline operator. 

Direct operating costs include: 

1. Flight crew 

2. Fuel and oil 

3.  Insurance 

4 .  Depreciation 

5. Maintenance 

Indirect operating costs include: 

1 .  

2. 

3 .  

4 .  

5 .  

6. 

7. 

a.  

9. 

Ground property and equipment expense -- local and system 

naintenance 
Maintenance burden 
Depreciation 
Landing fees 
Aircraft servicing 
Servicing administration 

Aircraft control and communications 

Cabin at tendant expense 

Food and beverage expense 

Passenger handling 
Reservations and sales 

Baggage and cargo handling 

Passenger service - other expense 
Passenger agency commissions 
Passenger advertising and publicity 

Freight commissions 
Freight advertising and publicity 

General and administrative expense 
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Table 22 and Figures 15 and 16 show a comparison of the airplane costs. 
The operating costs and return on investment (ROI) analyses are for a 2500 mile 
flight using fuel costs of $l.OO/gallon. The all-composite configuration was 
analyzed using three different labor cost assumptions. Subconfiguration A 
represents current fabrication techniques (minimum automation). In Subcou- 
figurations B and C ,  the labor cost factors were reduced by 25 percent and 
40 percent, respectively, to represent moderate and major amounts o f  automat ion. 

Element 

Wing Structure 
Fuselage Structure 
Tail Structure 

Other 

Total Structure 

Propulsion 
Systems 
Other 

Total Production 

support 
Spares 
Prod. Dev 

Rate of return on investment analysis assumed an airline operating over 
a 16-year period purchasing 8 airplanes in year 1, and adding 8 in year 2 and 
7 in year 3 for total fleet of 23. 

Advanced Composite * 

Units Baseline Aluminum Fuselage A B C 

$M 7.773 7.884 7.361 6.866 6.173 5.840 
$M 7.868 7.971 8.934 8.917 7.921 7.382 
$M 1.041 1.001 0.963 0.83 1 0.759 0.723 
$M 3.496 3.393 3.319 3.026 2.985 2.960 

$M 20.178 20.249 20.577 19.640 17.844 16.905 

$M 13.910 13.426 13.320 12.234 12.234 12.234 
$M 13.239 13.127 13.145 12.923 12.923 12.923 
$M 1 1.329 11.201 9.625 10.975 10.332 9.995 

$M 58.656 58.003 58.667 55.772 53.333 52.057 

$M 3.149 3.1 18 3.153 3.013 2.898 2.838 
$M 8.623 8.459 8.514 8.024 7.758 7.619 
$M 0.737 0.726 0.745 0.708 0.680 0.665 

Table 23 shows a summary of the cost and weight savings compared to the 
conventional aluminum baseline. These data are also presented graphically in 
Figures 17 and 18. 

TABLE 22. - COMMERCIAL COST COMPARISON 

(1) 
Composite Airplane 1 
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Aluminum A I u m i n u m Aluminum (with Current (Moderate (Major 
(Baseline) with Manufacturing Automation) Automation) 

Composite Techniques) 
iuseiage 

Figure  15. - Procurement c o s t s  for va r ious  coinmercial a i r c r a f t  Conf igu ra t ions .  

----I_ 

2500 nmi, $l/gal 

- 
vane nposite Composi 

Aluminum Aluminum Aluminum (with Current iModerate (Major 
(Baseline) with Manufacturing Automation) Automation) 

Composite Techniques) 
Fuselage 

Figure  16. - Return on investment fo r  v a r i o u s  commercial a i rc raf t  c o n f i g u r a t i o n s .  



1 

Aluminum With Composite Airplane 
Airplane Fuselage 

Figure 1 7 .  .- A i r c r a f t  s t r u c t u r a l  weight s a v i n g s  f o r  v a r i o u s  
commercial a i r c r a f t  c o n f i g u r a t i o n s .  

Aluminum 
Airplane 

With Composife 
Fuselage 

- 
mpos 

Airplane 

Figure  18. - Fuel weight s av ings  f o r  v a r i o u s  dommercial a i r c r a f t  
c o n f i g u r a t i o n s .  
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~ ___ ._ 

Advanced 
Aluminum 

Fuselage Structure 
Weight Saving % 5.8 
Cost Saving % -1.3 

Airplane Structure 
Weight Saving % 7.7 
Cost Saving % -0.4 

Total Airplane 
Fuel Weight Saving % 3.9 
DOC Sawing % 2.2 
IOC Sawing % 0.6 
TOC Saving % 1.4 
R O I  Improvement % 9.8 

Procurement Cost % 1.2 
~- ____._____ 

The s e n s i t i v i t y  of DOC and I O C  t o  f u e l  p r i c e s  is shown i n  Table 24 and 
F igures  19 and 20. IOC is  a f f e c t e d  because f u e l  p r i c e  f o r  ground t r a n s p o r t a -  
t i o n  i n f l u e n c e s  t h e  G&A expense. 

Composite Airplane (1) 
Composite 

Fuselage A B C 

16.4 17.6 17.6 17.6 
-13.5 - 13.3 -0.8 6.2 

I- 

9.5 26.4 26.4 26.4 
-2.0 2.1 11.6 16.2 

4.5 13.2 13.2 13.2 
2.2 8.1 9.2 9.7 
0.7 2.0 2.0 2.0 
1.5 5.1 5.6 5.9 
8.6 35.9 43.9 48.3 
0.1 5.1 9.1 11.2 

~ I 

1.3.3 B e n e f i t s  s tudy summary.- The s t u d i e s  show d i s t i n c t  economic b e n e f i t s  
f o r  t r a n s p o r t  a i r p l a n e s  w i t h  advanced composite f u s e l a g e s  compared wi th  bo th  
conven t iona l  and advanced aluminums. The m i l i t a r y  t r a n s p o r t  w i th  a composite 
f u s e l a g e  and conven t iona l  aluminum wing and t a i l  s t r u c t u r e  has  a lower a c q u i s i -  
t i o n  c o s t  than e i t h e r  t h e  conventional o r  t h e  advanced aluminum c o n f i g u r a t i o n s  
and t h e  l i f e  c y c l e  c o s t s  are less as we l l .  These b e n e f i t s  are even g r e a t e r  f o r  
t h e  al l -composi te  a i r p l a n e ,  which shows over  10 pe rcen t  r e d u c t i o n  i n  l i f e  c y c l e  
c o s t s  compared t o  t h e  convent ional  aluminum b a s e l i n e .  These f i g u r e s  w e r e  
de r ived  assuming minimum use  o f  automation so h ighe r  b e n e f i t s  can be a n t i c i p a t e d  
as automation i s  in t roduced .  

Much t h e  same p i c t u r e  e x i s t s  f o r  t h e  commercial t r a n s p o r t .  I n  t h i s  c a s e  
t h e  composite f u s e l a g e  wi th  t h e  convent ional  aluminum wing and t a i l  s t r u c t u r e  
r e s u l t e d  i n  only a small r e d u c t i o n  i n  procurement c o s t  compared t o  the  conven- 
t i o n a l  aluminum b a s e l i n e  and w a s  s l i g h t l y  more expensive than the  advanced 
aluminum a i r p l a n e  when minimum b e n e f i t  from automation w a s  assumed. 
mercial t r a n s p o r t  c o n t a i n s  many more cut-outs  t h a n  t h e  m i l i t a r y  a i rc raf t  - 
windows, passenger  doors  and below deck cargo doors  i n  p a r t i c u l a r .  T h i s  l e a d s  
t o  a more complex s h e l l  s t r u c t u r e  and inc reased  l a b o r  c o s t s .  The all-composite 

The com- 
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TABJJE 2 4 .  - SENSITIVITY TO WET, I’IIIClCS 

r Configuration 

Baseline 

Advanced 
Aluminum 

Conventional 
Aluminum with 
Composite 
Fuselage 

Composite (with 
Current 
Manufacturing 
Techniques) 

Composite 
(Moderate 
Automation) 

Composite 
(Major 
Automation) 

Direct Operating Cost 
cheat Mile 

f l / G  al l  or 

2.957 

2.893 

2.893 

2.717 

2.686 

2.669 

;2/Gallon 

4.125 

4.014 

4.003 

3.123 

3.69 1 

3.675 

$3/Gallon 

5.286 

5.129 

5.1 06 

4.122 

4.691 

4.614 

Indirect Operating Cost 
c/Seat Mile 

$l/Gallon I $2/Gallon 

2.866 2.909 

2.849 2.891 

2.845 2.886 

2.809 2.846 

2.809 2.846 

2.808 2.846 

$3/Gallon 

2.953 

2.933 

2.928 

2.884 

2.883 

2.883 

Overall Operating Cost 
c/Seat Mile 

bl/Gallon 

5.823 

5.742 

5.138 

5.526 

5.495 

5.471 

bUGallon 

7.034 

6.905 

6.889 

6.569 

6.531 

6.521 

b3/Gallor 

8.239 

8.062 

8.034 

1.606 

1.514 

7.557 

c o n f i g u r a t i o n  r e s u l t e d  i n  a lower procurement c o s t  t han  e i t h e r  of t h e  a l l -  
aluminum c o n f i g u r a t i o n s  and wi th  i n c r e a s i n g  automation,  t h e  procurement c o s t  
s av ing  more than  doubles.  
conven t iona l  aluminum wing and t a i l  a i r p l a n e  when compared w i t h  bo th  a l l -  
aluminum c o n f i g u r a t i o n s .  The al l -composi te  a i r p l a n e  shows a s i g n i f i c a n t  
improvement i n  R O I ,  w i th  a range of improvement from 36 t o  48 percen t  depending 
on t h e  degree o f  automation used i n  f a b r i c a t i o n .  

Operat ing c o s t s  are less f o r  t h e  composite f u s e l a g e /  

1.4 Technology Assessment Summary 

The s t u d i e s  show t h a t  t h e  b e n e f i t s  of c o n v e r t i n g  from aluminum t o  advanced 
composites e x i s t  a c r o s s  the board.  The composite f u s e l a g e  w i l l  provide lower 
a c q u i s i t i o n  c o s t s  and lower o p e r a t i n g  c o s t s .  Combined wi th  composite wings 
and empennage a c r o s s  t h e  board b e n e f i t s  w i l l  r e s u l t  f o r  b o t h  commercial and 
m i l i t a r y  a i r p l a n e s .  However, t h e  t echno log ie s  which e x i s t  today are n o t  
developed s u f f i c i e n t l y  t o  commit t o  any l a r g e  scale use of composites i n  t h e  
f u s e l a g e  s t r u c t u r e  of l a r g e  t r a n s p o r t  a i r c r a f t .  A conce r t ed  e f f o r t  t o  develop 
and prove t h o s e  technologies  must be implemented. When t h e s e  t echno log ie s  are 
developed, s i g n i f i c a n t  s av ings  i n  a c q u i s i t i o n  c o s t s ,  f u e l  consumption and o v e r a l l  
o p e r a t i n g  and l i f e  c y c l e  c o s t  w i l l  be achieved.  Discussion of t h e  Plan Develop- 
ment and Schedule and Resource Requirements t o  f u l f i l l  t h e s e  a i m s  fo l lows  in 
t h e  subsequent s e c t i o n s .  
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10 

- -  - 
2500 nmi Average sage-Length 

Composite Aircraft 
Major Automation 
Moderate Automation 

Current 
Manufacturing Level 

Conventional Aluminum 
Aircraft with 
Composite 

L Fuse'age ----- 
Aluminum 
Aircraft 

Figure  19. - E f f e c t  of  f u e l  p r i c e s  on d i r e c t  o p e r a t i n g  casts €o r  v a r i o u s  
commercial a i r c r a f t  con f igu ra t ions .  
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2500 nmi Average Stage Length 

Composite Aircraft 

Major Automation 
Moderate Automation 4 Manufacturing Current Level 

Conventional 
Aluminum 
Aircraft with 
Composite 

/ Fuse'age 

Aluminum 
Aircraft 

0 1 I 1 
1 2 3 

Fuel Cost - SIGallon 

Figure  20. - Effec t  of f u e l  p r i c e s  on o v e r a l l  o p e r a t i n g  c o s t s  f o r  va r ious  
comer  c i  a1 a i r c r a f t  c o n f i g u r a t i o n s  . 
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T h i s  phase of t h e  program cons i s t ed  of fou r  t a sks :  Prel iminary Design, 
Concept Eva lua t ion ,  Manufacturing Development , and Design V e r i f i c a t i o n .  

The o b j e c t i v e  of t h e s e  tasks was t o  develop t h e  b a s i s  f o r  d e f i n i n g  the 
p l a n  t o  suppor t  t h e  e x t e n s i v e  use  of composites i n  f u s e l a g e  s t r u c t u r e  of com- 
mercial and m i l i t a r y  t r a n s p o r t  a i r c r a f t  i n  t h e  1990 t i m e  p e r i o d .  ._ 

I n  o rde r  t o  develop a p l a n ,  c e r t a i n  ground work had t o  be performed. A 
pre l imina ry  des ign  of b o t h  a commercial and a m i l i t a r y  b a s e l i n e  a i r c r a f t  w a s  
necessa ry  t o  i d e n t i f y  a l l  t h e  design c r i t e r i a  and requirements .  An e v a l u a t i o n  
of p o s s i b l e  design concep t s  w a s  performed i n  o rde r  t o  e s t a b l i s h  concep t s  t h a t  
are p roduc ib le  as w e l l  as s t r u c t u r a l l y  e f f i c i e n t ,  and t o  i d e n t i f y  concep t s  
which wi th  manufacturing development cou ld  provide weight and/or c o s t s  advan- 
t ages .  To support  t h e s e  e f f o r t s  a manufacturing development s tudy w a s  performed 
and a v e r i f i c a t i o n  test p l a n  w a s  developed. 

2.1 P r e l  iminary l lcsign 

2.1.1 Base l ine  a i r p l a n e s . -  Two b a s e l i n e  a i r p l a n e s  were s e l e c t e d  f o r  
t h i s  s tudy.  The commercial b a s e l i n e  a i r p l a n e  w a s  t h e  ATX-3501 which i s  shown 
i n  Figure 1 2 .  This  a i r p l a n e  is an advanced technology c o n f i g u r a t i o n  based on  
t h e  L-1011. This  b a s e l i n e  has  been used i n  p rev ious  s tudy programs, i n  
p a r t i c u l a r ,  c o n t r a c t  NAS1-16273, " In t eg ra t ed  Technology Wing Design Study'' 
(Reference. 4 ) .  The b a s i c  ASSET input  d a t a  f i l e s  were t h u s  a v a i l a b l e .  The 
ATX-3501 has  a l a r g e  diameter  fuse l age  (236 i n c h e s )  and, being a passenger- 
c a r r y i n g  a i r p l a n e ,  i t  has  numerous cut-outs  f o r  windows and doors .  

The m i l i t a r y  b a s e l i n e  a i r p l a n e  w a s  t h e  "Advanced C i v i l / M i l i t a r y  
T h i s  a i r p l a n e  has  been used i n  v a r i -  A i r c r a f t  ,'I which is  shown i n  Figure 4 .  

ous s t u d i e s  by t h e  Lockheed-Georgia Company, i n c l u d i n g  r e f e r e n c e  2. I t  h a s  a 
l a r g e  diameter  f u s e l a g e  (upper lobe 388 inches  i n  diameter  and lower lobe 
522 inches  i n  d i a m e t e r ) ,  nose and t a i l  l oad ing  d o o r s ,  and m i l i t a r y  payloads.  

.. _. - 

Based on the  technology i s s u e s  d e f i n e d ,  t h e  c o n s t a n t  diameter b a r r e l  sec- 
t i o n  of t h e  ATX-3501 j u s t  a f t  of the wing and main gear  wheel w e l l s  w a s  s e l e c t e d  
f o r  s tudy .  Figure 21 shows a schematic of t h e  b a r r e l  s e c t i o n .  It  i s  s imi l a r  t o  
the  b a r r e l  s e c t i o n  forward of t h e  wing b u t  is a l i t t l e  more h igh ly  loaded. 

For t h e  m i l i t a r y  b a s e l i n e  the  b a r r e l  s e c t i o n  forward of t h e  wing was 
s e l e c t e d .  On a m i l i t a r y  cargo a i r p l a n e  t h e  a f t  f u s e l a g e  i s  h e a v i l y  i n f l u -  
enced by conf igu ra t ion .  The load l e v e l s  f o r  t h e  forward f u s e l a g e  are known 
wi th  r easonab le  confidence s i n c e  t h e  c r i t i c a l  des ign  c o n d i t i o n s  are t h e  s t e a d y  
f l i g h t  maneuvers o r  t h e  braked t a x i  ca ses .  The a f t  f u s e l a g e  l o a d s  w i l l  vary 
w i t h  t h e  deg ree  of a c t i v e  c o n t r o l s  which w i l l  tend t o  drop t h e s e  l o a d s  t o  
l e v e l s  comparable wi th  t h e  forward fuse l age .  The forward f u s e l a g e  is shown 
i n  F igu re  22. 

._ 

i 
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Figure  21. - Commercial b a s e l i n e  s tudy b a r r e l  s e c t i o n .  

~ ~~ 
.__ 

A MAXIMUM LOAD 1800LE OVER 20lNS OR 7500LB TOTAL 

A MAXIMUM LOAD 3600LE OVER 201NS OR 15000LE TOTAL 

MAXIMUM LOAD 20000LE OVER 401NS 

A MAXIMUM LOAD 38000LE OVER 401NS 
FS FS 

4 9 4 . 3 7 6  1154.376 

I I 
PALLETS IN FORWARD PALLETS IN CONSTANT SECT1 

FLOOR LOADING LIMITATIONS 

Figure 22. - M i l i t a r y  b a s e l i n e  s tudy  b a r r e l  s e c t i o n .  



The s t r u c t u r a l  des ign  cr i ter ia  used i n  t h i s  s tudy f o r  t h e  commercial 
b a s e l i n e  w e r e  based on t h e  L-1011 c r i t e r i a .  The many s t r u c t u r a l  consider-  
a t i o n s  must adhere t o  t h e  requirements de f ined  i n  t h e  Fede ra l  Aviat ion 
Regu la t ion ,  P a r t  25 ( r e f e r e n c e  1) and p e r t i n e n t  adv i so ry  c i r c u l a r  ( r e f e r e n c e  5 ) .  
E s s e n t i a l l y  t h e  only changes w e r e  those which r e l a t e d  s p e c i f i c a l l y  t o  t h e  
materials. These c r i t e r i a  were o r i g i n a l l y  documented under t h e  ACSDT con- 
tract  NAS1-15949, Task Assignment N o .  1,  r e f e r e n c e  6 ,  Some of t h e  more 
p e r t i n e n t  c r i te r ia  are summarized below: 

0 For one-g s ta t ic ,  three-wheel ground and one-g l e v e l  f l i g h t  c o n d i t i o n s ,  
t h e  s t r u c t u r e  s h a l l  be designed f o r  f / f c ,  L 1.15. 
s h a l l  no t  buckle  under one-g l e v e l  f l i g h t  l o a d s  i n  combination wi th  nor- 
mal p r e s s u r e  loads .  Tension--field webs s h a l l  a l s o  be designed f o r  
qul t /qcr  5 5.0 a t  u l t i m a t e  f l i g h t  and ground load cond i t ions .  

P r e s s u r e  s t r u c t u r e  

- 

0 Minimum s t r u c t u r e  temperature -65°F. Maximum s t r u c t u r e  temperature  
of 223°F can occur  on t he  upper crown of t h e  fuse l age  while  t h e  a i r -  
c r a f t  is  s i t t i n g  on t h e  ground. However, r ap id  coo l ing  occur s  dur- 
i n g  t a x i  and take-off r o l l .  The maximum temperature  f o r  f l i g h t  

t i o n  w i t h  maximum f l i g h t  loads.  
loads be < 299°F azd w i l l  be ~ s s ~ ~ P , ~ !  tc? he IS0"F in rnmhina- 

0 S t r e n g t h  requirements  f o r  metal a i r f r a m e s  are governed by f a t i g u e  
and f a i l - s a f e  requirements .  Composite materials are g e n e r a l l y  not  
f a t i g u e  l i m i t e d  bu t  are governed by stress c o n c e n t r a t i o n s  due t o  
h o l e s  and impact damage. 

The p re l imina ry  des ign  loads  a r e  shown i n  F igu re  23. 

* For t h e  m i l i t a r y  t r a n s p o r t  conf igu ra t ion  t h e  gene ra l  c r i t e r i a  must 
conform w i t h  t h e  MIL-A-series s p e c i f i c a t i o n s  f o r  cargo t r a n s p o r t  a i r c r a f t .  
One d i f f e r e n c e  f o r  t h e  m i l i t a r y  design i s  t h e  i n t e r n a l  p r e s s u r e  requirements .  

The cab in  p r e s s u r e  d i f f e r e n t i a l s  arc: 

p = 8 . 2  p s i  (8000 ft cab in  a l t i t u d e  a t  40,000 f t  p r e s s u r e  a l t i t u d e ) .  
R e l i e f  va lve  s e t t i n g s  a s soc ia t ed  w i t h  f l i g h t  cases, -1.0 p s i  and +9.0 p s i ,  
and w i t h  l and ing  cases, -1.0 p s i  t o  +1.5 p s i .  

A set of t y p i c a l  design load cond i t ions .was  prepared a t  t h r e e  l o c a t i o n s  
on t h e  forward f u s e l a g e ,  r ep resen t ing :  

0 ground b u r s t  p re s su re :  two times t h e  maximum i n t e r n a l  p r e s s u r e ,  
a c t i n g  a lone  

61 



lg LOADS 

I Figure 23. - ATX-3501 p re l imina ry  design l o a d s .  

0 maximum compression load f o r  s t a b i l i t y :  1.5 t i m e s  t h e  combination 
of  maximum bending load wi th  minimum i n t e r n a l  p r e s s u r e  

0 maximum t e n s i l e  r epea ted  load ,  f o r  d u r a b i l i t y :  1 .5  t i m e s  t h e  
combination of maximum bending load w i t h  maximum i n t e r n a l  p r e s s u r e .  

Values a t  t h e  top ,  s i d e  and bottom of t h e  f u s e l a g e  are shown i n  Figure 24 

The cand ida te  materials f o r  t h e  program w e r e  t hose  considered i n  t h e  

These materials were: 
Wing Key Technology Program, NAS1-16856 , "Fuel Containment and Damage Tole- 
r ance  i n  L a r g e  Composite Primary Wing S t r u c t u r e s . "  

Hercules AS4/3502 

Hercules AS4/2220-1 

Narmco Celion/5 245 

Hexcel Celion/1504 

American Cyanamid Celion/982 
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D = TENSION (UF= 1.5) 

Figure  24. - Pre l imina ry  design l o a d s  a t  FS 1154 ( m i l i t a r y  b a s e l i n e . )  

The material s e l e c t e d  w a s  Hercules AS4/2220-1. T h i s  s e l e c t i o n  w a s  based 
on t h e  d a t a  a v a i l a b l e  i n  J u l y  1983 with r e s p e c t  t o  p rocess ing  and mechanical 
p r o p e r t i e s .  The a l lowab les  are comparable t o  T300/5208 except t h a t  t h e  
a l lowab le  t e n s i o n  s t r a i n  has  been r a i s e d  from 4750 p i n / i n  t o  6000 p i n / i n .  
The T300/5208 a l lowab les  were developed f o r  t h e  Advanced Composite F i n  and 
Ai l e ron  prozrams and are FAA approved ( r e f e r e n c e  7) .  

2.2 Concept Eva lua t ion  

A ma t r ix  of composite s k i n / s t i f f e n e r  and frame c o n f i g u r a t i o n s  w a s  assem- 
b led  from i n p u t s  provided by t h e  va r ious  Engineer ing and Manufacturing 
d i s c i p l i n e s .  The c o n f i g u r a t i o n s  f o r  s k i n / s t i f f e n e r  are shown i n  Figure 25 
and t h e  frame c o n f i g u r a t i o n s  are shown i n  Figure 26.' 

These concep t s  w e r e  t hen  evaluated by S t r e s s ,  P r o d u c i b i l i t y ,  Materials 
and P rocesses ,  Manufacturing, and Qua l i ty  Assurance personnel .  
considered i n  t h e  e v a l u a t i o n  are l i s t e d  below: 

The parameters  

S t r u c t u r e  e f f i c i e n c y  

J o i n t s  

Frame i n t e r f a c e  
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JAY 

HAT 

ORTHOGRID 

ISOGRID 

BULB 

Figure 25. - Candidate  s k i n / s t i f f c n e r  c o n f i g u r a t i o n s .  

6 4  



z 
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FRAME CONCEPT - 1 

1 t 
SECT. B - B 

FRAME CONCEPT - 2 

SECT. C - C 

FRAME CONCEPT - 3 

Figure 26. - Candidate  concepts  for f u s e l a g e  frames (Sheet 1 of 2 ) .  
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Figure 26. - Candidate concepts for fuselage frames (Sheet 2 of 2 ) .  
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R e p a i r a b i l i t y  

Manu f a c t u r  i ng  s u i t  ab il it y 

Tool  complexity 

Manufacturing r e a d i n e s s  

Eq u i pment inve s t m e  n t 

A c c e s s i b i l i t y  

Support a b i l i t y  

Proven r e l i a b i l i t y  

Cos t s  - r e c u r r i n g  

- nonrecurr ing 

Automat ion  p o t e n t i a l  

Manual N D I  

Automated scanning 

Acoust ic  t r ansmiss ion  is not considered an i n f l u e n c e  i n  concept s e l e c t i o n  
and impaci dyridiiiiLs is  p r i i i i d r i i y  d i v w e r  iuselage p iuLle iu  SO i i r i ther  WCLS ~ ~ i i -  

s i d e r e d  i n  t h e s e  i n i t i a l  r a t i n g s .  Also, weight w a s  considered t o  be a minor 
i n f l u e n c e  and w a s  not  considered u n t i l  later i n  t h e  concept e v a l u a t i o n .  

2 . 2 . 1  S k i n / s t i f f e n e r  concept eva lua t ion .  - O f  t h e  s k i n / s t i f f e n e r  concepts ,  
two w e r e  e l imina ted  immediately. These were t h e  honeycomb and t h e  i s o g r i d .  The 
honeycomb w a s  e l imina ted  because of s u p p o r t a b i l i t y  problems and t h e  gene ra l  d i s -  
l i k e  of honeycomb by the a i r l i n e s .  Honeycomb c o r e s  are prone t o  moisture  en t r ap -  
ment and r e q u i r e  a c o n s i d e r a b l e  amount of in - se rv ice  i n s p e c t i o n  and r e p a i r .  The 
need f o r  s o l i d  i n s e r t s  a t  frames and around doors  and c u t o u t s  a l s o  complicates  
t h e  d e s i g n  and f a b r i c a t i o n .  The i s o g r i d  w a s  f e l t  t o  have more a p p l i c a t i o n  t o  
m i l i t a r y  f u s e l a g e s  than  commercial because of i t s  p o s s i b l e  t o l e r a n c e  t o  b a t t l e  
damage. The window b e l t  des ign  would be complex w i t h  i s o g r i d ,  and i s o g r i d  
o f f e r s  no real advantages f o r  commercial t r a n s p o r t s  when compared t o  o r t h o g r i d .  

The remaining s i x  concep t s  were then eva lua ted  and r a t e d .  T h e  r e s u l t s  
are summarized i n  Table 25. 

. .. 

The I - s e c t i o n  w a s  t hen  el iminated as i t  i s  more d i f f i c u l t  t o  f a b r i c a t e  
than  t h e  J - s e c t i o n  and i t  is  much more d i f f i c u l t  t o  i n s t a l l  s h e a r  c l i p s  between 
t h e  I - s t i f f e n e r  and t h e  frame. Because of t h e  narrow f r e e  f l a n g e s ,  s p l i c i n g  
i s  more complex. The s p l i c i n g  problem a l s o  l e d  t o  t h e  e l i m i n a t i o n  of t h e  
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bulb  s e c t i o n .  The h a t  s e c t i o n  w a s  e l imina ted  because of s u p p o r t a b i l i t y  prob- 
l e m s  i n  t h e  lower fuse l age  caused by entrapment of b i l g e  f l u i d s  and because 
mechanical s p l i c i n g  would r e q u i r e  the  use  of b l i n d  f a s t e n e r s .  This  l e f t  t h r e e  
concepts :  t h e  J ,  t h e  o r thogr id  and the b lade .  The f i n a l  e v a l u a t i o n  of t h e s e  
t h r e e  concepts  based on j o i n i n g  requirements  i s  summarized i n  Table  26. 

A l l  s k i d s t i f f e n e r  concepts  except t h e  honeycomb w e r e  analyzed t o  d e r i v e  
s i z i n g  based on t h e  loads  shown i n  Figure 23.  The shea r  s t i f f n e s s  p rope r ty  (Gt) 
of t h e  s k i n  w a s  designed t o  be no less than  t h a t  of  t h e  aluminum b a s e l i n e .  The 
s i z e d  composite s k i n l s t i f f e n e r  des igns  f o r  t h e  upper f u s e l a g e  segment are shown 
i n  F igure  27. 
F igure  28. A comparison of t h e  weights is  presented  i n  Table  27 .  

The aluminum b a s e l i n e  s t r u c t u r a l  c o n f i g u r a t i o n  is  shown i n  

2 . 2 . 2  Frame Concept Evaluat ion.-  I n i t i a l l y  s i x  f r a m e  concepts  w e r e  fo r -  
mulated.  These are shown i n  F igure  26. Concept f l  is  a f u l l  depth  Z-frame 
keyholed a t  t h e  s k i n  s t i f f e n e r s .  A s epa ra t e  ang le  i s  mechanical ly  f a s t ened  
and/or  bonded t o  s t a b i l i z e  t h e  frame inboard of t h e  keyholes .  
f l o a t i n g  Z-frame wi th  a separate angle  s h e a r  t i e  t o  t h e  s k i n  which i s  mechan- 
i c a l l y  f a s t ened  and/or  bonded t o  t h e  Z-frame. Concepts 1 and 2 are e s s e n t i a l l y  
"metal replacement" des igns .  
apart  from being t h e  l i g h t e s t  des ign  had l i t t l e  m e r i t .  
orchogrici concepi. Curicepi #5 is a molded ti-iiss ioiicept w h i c h  wzs c~. ; . , s idcrd 
t o  e v a l u a t e  t h e  p o s s i b l e  use  of  molded chopped f i b e r  components. 
i s  beaded t o  he lp  provide b e t t e r  f i b e r  a l ignment  around t h e  cu rva tu re .  The 
inboard circumference of t h e  frame i s  less than  t h e  outboard circumference.  
When material  i s  l a i d  up t o  fo l low t h e  cu rva tu re  t h e  excess  material toward 
t h e  inboard edge i s  taken  up p e r i o d i c a l l y  as a bead. Th i s  bead would provide  
some s t i f f e n i n g  e f f e c t  f o r  t h e  frames. For l a r g e  d iameter  fuse l ages  t h e  
d i f f e r e n c e s  between t h e  inboard and outboard circumferences is s m a l l  and w i l l  
r e s u l t  i n  a shal low and i n e f f i c i e n t  bead. 

Concept #2 i s  a 

Concept # 3  has  a honeycomb s t i f f e n e d  web which 
Concept #4 i s  an 

Concept #6 

The ranking of t h e s e  s i x  frame concepts  i s  shown i n  Table  28.  Concept 113 
w a s  e l imina ted  because of t h e  delaminat ion p o t e n t i a l  i n  t h e  co re  runout  a n d  
gene ra l  maintenance and r e p a i r  problems. Concept 115 w a s  e l imina ted  because o f  
h igh  l o c a l  bending moments i n  t h e  trusswork. Al so  t h e  frame depth i s  too  
shal low t o  permit  a t r u s s  system t o  b e  designed wi thout  a weight pena l ty .  
P r o d u c i b i l i t y  i nd ica t ed  t h e  concept was n o t  c o s t - e f f e c t i v e .  
e l imina ted  a l s o .  The f r e e  edge of t h e  bead would be  prone t o  damage and t h e  
web would be  r e l a t i v e l y  t h i c k  because of s t a b i l i t y  requirements  f o r  t h e  f r e e -  
edge bead. 

Concept 116 w a s  

Concept 114 w a s  r e t a i n e d  because of t h e  p o t e n t i a l  s t r u c t u r a l  and manufac- 
t u r i n g  b e n e f i t s  of t h e  o v e r a l l  o r thogr id  concept which h a s  s i g n i f i c a n t  auto-  
mation p o t e n t i a l .  Concepts t l  and #2 were a l s o  r e t a i n e d .  

The most p e r t i n e n t  r e s u l t  of the e v a l u a t i o n  w a s  t h a t  i nnova t ive  f a b r i c a -  
t i o n  techniques  must b e  developed for Erames so  t h a t  f i b e r  a l ignment  w i l l  
always fo l low t h e  cu rva tu re  of t h e  s h e l l .  A s tudy  then ensued which rc ! su l t cd  
i n  some p o s s i b l e  a l t e r n a t i v e  approaches t o  frame des ign  and c o n s t r u c t  i o n .  
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Concept Stress Manufacturing Q.A. Producibility 

Blade 1 1 1 1 

Jay 3 3 2 3 
Orthogr id 2 2 3 2 

I 

Overall 

1 I 
3 i 

I 2 

TABLE 2 7 .  - WEIGHTS OF STRINGER CONCEPTS 

Optimum Weight Nonoptimum Component Wt Component Wt 
Concept Iblinlframe Factor Ib/in/frame Saving % 

#4 Orthogrid 0.064 1.14 0.073 4.6 

1 7  Filament wound 0.049 1.18 0.057 25.5 

Configuration 

Fastener Wt Overall Wt* 
Saving % Saving % 

40.0 10.2 

0.0 20.7 

Blade 
0 rthogrid 
Hat 
Bulb 
J-Section 
I-Sect ion 
lsogrid 

Concept 

*1 Zee 
* 2  Zee 
# 3  Honeycomb 
* 4  Orthogrid 
* 5  Truss 
* 6  Beaded 

Pounddlnch 

6.75 
6.82 
7.10 
7.25 

7.52 
8.48 

7.48 

Percent Increase 
Over Minimum 

+1.0 
+5.2 
+7.4 

+10.8 
+11.4 
+25.6 

---I__ ____- 

TAaLE 28.  - CANDIDATE . -  FRAME CONCEPTS EVALUATON 

Stress Manufacturing 

n 

-____ 
Producibility Weights 

3 
5 
1 
2 
4 
6 

TABLE 29.  - FRAME WEIGHTS 

Total 

9 
10 
17 

' 14 
21 
13 

-- 
Rank 

I I 
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E. HAT SECTION DESIGN 

Figure  27. - Sized  s k i n f s t i f f e n e r  d e s i g n s  f o r  upper 
f u s e l a g e  (Sheet 3 of 5 ) .  
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A one-piece frame des ign  w a s  developed based on c o n f i g u r a t i o n s  111 and t 2 .  
This  c o n f i g u r a t i o n ,  concept # 7  would be produced by a f i lament  winding proccss .  
It  is shown i n  F igure  29 a long  w i t h  t h e  o r t h o g r i d  concept .  Both t h e s e  concepts  
were s i z e d  and a weight a n a l y s i s  w a s  performed. The r e s u l t s  are shown i n  
'I'l~bIe 2 9 .  Concept #7 shows p o t e n t i a l  f o r  f u r t h e r  development. 

2 . 2 . 3  Overa l l  eva lua t ion . -  A design s tudy  w a s  made of t h e  va r ious  con- 
c e p t s  f o r  s t r i n g e r s  and frames i n  combination. P a r t i c u l a r  a t t e n t i o n  w a s  paid 
t o  i n t e r f a c e s  wi th  f l o o r  beams and cu touts .  The r e s u l t s  looked much l i k e  metal 
s t r u c t u r e s .  The conclus ion  is  t h a t  these i n t e r f a c e s  are e s s e n t i a l l y  noth ing  
more than  d e t a i l  des ign  problems connected i n  l a r g e  p a r t  w i th  p r o d u c i b i l i t y  
concerns.  Reinforcement around cu touts  needs d e t a i l e d  s tudy  t o  determine t h e  
most e f f i c i e n t  methods of i n t e r f a c i n g  s k i n  reinforcement  wi th  s t r i n g e r  and 
frame d e t a i l s ,  p a r t i c u l a r l y  from the in t e r l amina r  stress p o i n t  of view. The 
b e s t  o v e r a l l  frame, s k i n ,  s t i f f e n e r  conf igu ra t ion  i s  t h e  o r t h o g r i d .  However 
t h i s  concept relies on c e r t a i n  p ropr i e to ry  materials and f a b r i c a t i o n  techniques  
which are s t i l l  under development. 
does no t  lend i t s e l f  t o  t h e  use  of  f l o a t i n g  frames i n  t h e  upper fuse l age .  
F l o a t i n g  frames reduce c o s t s  i n  t h e  upper lobe of t h e  s k i n  and have p o t e n t i a l  
f o r  reducing  a c o u s t i c  t ransmiss ion .  For t h i s  reason  t h e  Jay  s e c t i o n  s t i f E e n e r  
i s  s e l e c t e d  f o r  t h e  Einal concept a long  w i t h  t h e  filament: wound concept # 7  
frame and v a r i a t i o n s  of t h a t  frame concept.  

Although the b lade  s t i f f e n e r  r a t e d  b e s t  i t  

2 .2 .4  M i l i t a r y  cons ide ra t ions . -  These concepts  arc  based on the  m i l i t a r y  
c o n f i g u r a t i o z s  which gene ra l ly  have few i f  any windows and doors  i n  the  s h e l l  
s t r u c t u r e  o t h e r  than t h e  nose and t a i l  l oad ing  doors  and because of t he  low 
f l o o r  have no cargo space  below. 
were reviewed by S t r e s s ,  Design and Manufacturing personnel  experienced i n  
m i l i t a r y  t r a n s p o r t  s t r u c t u r e .  The s e l e c t i o n  of t hese  c o n f i g u r a t i o n s  f o r  

The fuse l age  s h e l l  concepts  shown i n  F igure  30 

- 

SKIN 

/ SKIN(  086) 

I /  

I .2J8 Y 

#7 Filament Wound 4 k.248 
#4 Orthogrid 

Figure  29. - F i n a l  s i zed  frame concepts .  
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STIFFENED SKIN 
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REINFORCED 
CORRUGATED 

ORTHOGRID 

ISOGRID 

SANDWICH 

Figure  30. - Fuselage s h e l l  concepts  f o r  m i l i t a r y  t r a n s p o r t s .  

cons ide ra t ion  was based on t h e  t r a n s p o r t  of heavy cargo such as tanks  and on t h e  
need f o r  b a t t l e  damage t o l e r a n c e .  
i n  t h e  reviews: l o g i s t i c s ,  p r e s s u r e  containment ,  manufactur ing technology,  
and des ign  technology. 

Four primary areas of concern were inc luded  

The r e s u l t i n g  r a t i n g s  are summarized i n  Table  30. 

The eva lua t ion  of va r ious  s t i f f e n e d  s k i n  concepts  shown i n  Table  26 
a p p l i e s  t o  t h e  m i l i t a r y  des ign  as w e l l  as t h e  commercial des ign .  
s t i f f e n e d  concept w a s  sub jec t ed  t o  s t r u c t u r a l  op t imiza t ion  f o r  bo th  an alumi- 
num des ign  and an advanced composite des ign .  Analyses w e r e  performed a t  t h e  
top and s i d e  a t  F .S .  1154 (see  F igure  21) by t h e  f r o n t  s p a r .  A p o i n t  a n a l y s i s  
of t h e  i s o g r i d  conf igu ra t ion  w a s  a l s o  performed a t  F.S. 1154, top us ing  f i n i t e  
element modeling; the i s o g r i d  w a s  inc luded  because of i t s  p o t e n t i a l  t o l e r a n c e  
t o  b a t t l e  damage, The r e s u l t s  of the a n a l y s e s  are summarized i n  Table  31. 

The J a y  

Engineer ing p r e f e r r e d  the  s t i f f e n e d  s k i n  approach mainly because t h e  des ign  
technology i s  a v a i l a b l e  while  manufactur ing p r e f e r r e d  t h e  o r t h o g r i d  approach. 
The monocoque design w a s  f e l t  t o  have t h e  b e s t  l og i ’ s t i c s  r a t i n g .  The i s o g r i d ,  
whi le  r a t e d  las t  because of t h e  l a c k  of d a t a ,  w a s  f e l t  t o  have t h e  b e s t  p o t e n t i a l  
f o r  b a t t l e  damage t o l e r a n c e .  

2.2.5 Impact of new materials.- As p a r t  of t h e  concept e v a l u a t i o n ,  t h e  
impact of  new m a t e r i a l s  w a s  a s ses sed .  The primary improvements i d e n t i f i e d  as 
most l i k e l y  t o  occur i n  a t i m e  frame which could b e n e f i t  a 1990 a i r f r a m e  were 
t h e  new the rmop las t i c  r e s i n s  (PEEK type)  and 2 %  s t r a i n  f i b e r s .  
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TABLE - - _. __ 30. . - - __ MILITARY . FUSELAGE SHELL CONCEPTS EVALUATION _ _  

Stiffened Skin 

Reinforced Corrugated 

lsogrid 

Monocoque 

Orthogrid 

Sandwich 

Stress 

1 

6 

5 

2 

4 

3 

Design I Manufacturing 

1 

4 

6 

2 

5 

3 

2 

4 

6 

3 

1 

5 

TABLE 31. - SKIN/STIFFENER COMPARISONS ___ ~ _ _ .  ____ 

Skin Stiffening 

Station 
1 1  54, top 

Stringer Spacing 

Stringer Height 

Skin Thickness 

Weight 

1 1  54, side 

Stringer Spacing 

Stringer Height 

Skin Thickness 

Weight 

Gr/Ep I J  AI 
J 

5.28 
1.42 
0.095 
0.0146 

4.0 
1 .o 
0.080 
0.01 10 

6.47 
2.14 
0.120 
0.0099 

5.26 
1 .o 
0.1 30 
0.0096 

Gr/Ep 
lsogrid 

17.82 

2.05 
0.1 a0 
0.01 19 

- 
- 
- 
- 

c I 1 

Units 

in. 

in. 

in. 

Ib/in2 

in. 

in. 

in. 

Ib/in2 

The thermoplas t ic  r e s i n s  are those which are processed by hea t ing  above 
t h e  s o f t e n i n g  temperature ,  forming and c o n s o l i d a t i n g ,  and then  coo l ing  below 
t h e  s o f t e n i n g  temperature .  No chemical change occurs ,  no b l eede r  or  b r e a t h e r  
is  needed, and no vacuum bags are requi red .  P a r t s  can be  reformed and scrap  
can b e  salvaged and reused .  Thermoplast ics  r e q u i r e  no r e f r i g e r a t e d  s t o r a g e  
and have a n e a r l y  i n f i n i t e  she l f  l i f e .  

PEEK, a promising thermoplas t ic ,  r e q u i r e s  forming a t  720°F. While t h i s  is  
h igh  f o r  p l a s t i c s ,  i t  is  a very  low temperature  when compare t o  metals o r  
ceramics. Thus c u r r e n t  metal forming techniques  may be adap tab le  t o  t h e  
p rocess ing  of thermoplas t ics .  The r e s u l t  would be reduced c a p i t a l  investment 
.and a p o t e n t i a l  f o r  reduced material c o s t s .  Thermoplast ics  a l s o  e x h i b i t  much 
improved toughness and damage to le rance  compared t o  thermose t t ing  r e s i n s .  
PEEK a l s o  has  much improved r e s i s t a n c e  t o  s o l v e n t s  compared t o  o t h e r  thermo- 
p l a s t i c s .  The 2% s t r a i n  f i b e r  a long w i t h  t h e  improved toughness of t h e  PEEK 
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r e s i n  w i l l  t r a n s l a t e  i n t o  h igher  s t r a i n  a l l o y a b l e s .  However, t h e  need t o  
main ta in  balanced lamina tes  and requirements  f o r  a t  least  some p l i e s  i n  t h e  
0" and 90" d i r e c t i o n s  tends  t o  reduce t h e  o v e r a l l  p o t e n t i a l  weight sav ing .  
The use  of lamina less than  0.005 i n .  nominal t h i c k n e s s  could be considered 
but  i n d i c a t i o n s  a re  t h a t  h igher  material  c o s t  and lower cons i s t ency  could 
prec lude  t h i s .  

2 .3  Manufacturing Development 

High-performance requi rements  of c u r r e n t  and f u t u r e  gene ra t ion  of DOL) 
and commercial a i r c r a f t  programs r e q u i r e  t h e  inc reased  a p p l i c a t i o n  of advanced 
materials and manufacturing technologies ,  whi le  budget and funding c o n s t r a i n t s  
n e c e s s i t a t e  t h a t  they be  c o s t  compe t i t i ve  wi th  t h e i r  conven t iona l  c o u n t e r p a r t s .  
The a p p l i c a t i o n  of primary composite s t r u c t u r e  i s  p rogres s ing  a t  a slower pace 
than ear l ie r  p r o j e c t i o n s  because of h igh  product ion c o s t s  a s s o c i a t e d  wi th  the 
f a b r i c a t i o n  of components. The development' of lower-cost  p roduct ion  p rocesses  
t o  f a b r i c a t e  primary composite s t r u c t u r a l  components is  e s s e n t i a l .  

In  order  t o  f a b r i c a t e  a lnrge-sca le  f u s e l a g e ,  a manufacturing development 
p lan  must be e s t a b l i s h e d .  The p l a n ' s  under ly ing  theme i s  t o  p r e s e n t  a course  
of a c t i o n  which inc ludes  v a r i o u s  op t ions  f o r  a s p e c i f i c  p rocess  and t o  i d e n t i f y  
problems t h a t  might occur .  Under t h e  c u r r e n t  ph i losophy,  u t i l i z a t i o n  of s t r u c -  
t u r a l  composi tes  is based upon cos t -compet i t ive  manufacturing of producib le  
des igns ;  t he re fo re ,  automated p rocess ing  and minimizat ion of manufacturing r i s k  
are emphasized. 

Automated advanced composites manufactuTing is  a t  t h e  beginning of i t s  
l e a r n i n g  curve .  Automation i n  metals manufactur ing,  by comparison, i s  y e a r s  
down i t s  l e a r n i n g  curve ,  owing t o  e x t e n s i v e  use  of metal s i n c e  t h e  beginning 
of t h e  i n d u s t r i a l  r e v o l u t i o n ,  and i n  t h e  aerospace  i n d u s t r y  f o r  t h e  p a s t  
f i f t y  y e a r s .  Mistake upon mistake has  been made. Voluminous d a t a  has  been 
assembled on those methods t h a t  do work. Schools  have t r a i n e d  l a r g e  numbers 
of des igne r s ,  t oo l  makers, and methods eng inee r s .  Complex advanced machines 
have developed. The l e a r n i n g  (improvement) ' is no t  as r a p i d  a t  t h i s  p o i n t  on 
t h e  s lope .  Major brcak-throughs i n  manufacturing technologies  and automation 
have a l r e a d y  been e x p l o i t e d .  T h i s  does n o t  mean t h a t  automation i n  meta ls  lias 
bottomed o u t ,  bu t  most of t h e  major manufactur ing developments such as  ' ex t ruding ,  
s t r e t c h  forming, mul t i -ax is  machining, a u t o & t i c  f a s t e n e r  i n s t a l l a t i o n ,  e t c .  , 
have r e c e n t l y  been automated. Automation i s  a l r e a d y  be ing  a p p l i e d  where p a r t  
q u a n t i t y  j u s t i f i e s  t h e  investment c o s t .  

Advanced composites manufacturing i s  s t i l l  i n  i t s  infancy compared t o  
metals manufacturing. 
been made, product ion f a b r i c a t i o n  and p rocess ing  remain more an a r t  than a 
sc i ence .  Small  numbers of people  i n  each  d i s c i p l i n e  are i n  t h e  p rocess  of 
developing f i r s t  a workable des ign  and then a workable system of manufacture.  
Th i s  can be  easily v e r i f i e d  by v i s i t i n g  t h e  major aerospace  manufacturers  
where some t a p e  lay ing  and r o b o t i c  systems are i n  t h e i r  infancy b u t  manual 
methods con t inue  t o  be used because e f f i c i e n t  automated equipment has  n o t  been 
f u l l y  developed. 

Despi te  cons ide rab le  development e f f o r t s  having r e c e n t l y  
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E a r l y  a t t empt s  t o  automate aerospace c o i n p o s i t c s  m;lllufxturing havc f a i l c d  
mainly because of wrong approaches.  Machine des igne r s  have s i m p l y  atteniptcd 
t o  mechanize o p e r a t i o n s  t h a t  were performed by hand on product  des igns  t h a t  
were borrowed from convent iona l  s h e e t  metal technology. The c o r r e c t  approach 
i s  t o  develop complete manufacturing sys t ems  which inco rpora t e  product  des ign ,  
t o o l s ,  p rocesses ,  and automated machines t h a t  work s y n e r g i s t i c a l l y .  The goa l  
should b e  t o  develop manufacturing systems capable  of running wi th  t h e  f a c t o r y  
l i g h t s  tu rned  o f f .  Truly g r e a t  payoff y i e l d s  w i l l  then begin  t o  be r e a l i z e d .  

2 . 3 . 1  Cost cons ide ra t ions . -  Composite f u s e l a g e  s t r u c t u r e s  must be  produced 
a t  lower c o s t s  than corresponding metal  assembl ies  t o  be compet i t ive .  More 
e f f i c i e n t  methods t o  p rocess  materials must .be  developed, i nc lud ing  the  use 
of 48-inch wide t ape ,  woven f a b r i c s ,  rovings,  c r o s s p l i e d  s h e e t s ,  and narrow 
tapes (compatible  f o r  t ape  winding o r  b ra id ing ) .  

Cos t - e f f ec t ive  manufactur ing processes  are a l s o  considered of primary 
importance.  Since layup and material handl ing are high-cost and l abor - in t ens ive  
o p e r a t i o n s ,  automation must be implemented, i nc lud ing  numer ica l ly  c o n t r o l l e d  
layup,  laser and waterjet c u t t i n g ,  robo t i c  s t a c k i n g ,  and cont inuous forming 
methods. Rapidly i n s t a l l e d  p re fab r i ca t ed  vacuum bags and s h o r t e r  au toc lave  and 
p r e s s  c u r e  c y c l e s  must b e  used and nonautoclave c u r i n g  must be developed f u r t h e r .  

Cost s t u d i e s  of  a i r c r a f t  assemblies have i n d i c a t e d  t h a t  mechanical f n s t -  
ening  and secondary bonding of precured d e t a i l s  are  c o s t l y  ope ra t ions .  It is 
impera t ive ,  t h e r e f o r e ,  t h a t  design/tooling/processing concepts ,  such as molding 
t o  n e t  t r i m ,  automated d r i l l i n g ,  and mechanized f a s t e n e r  i n s t a l l a t i o n  be 
developed t o  make b e t t e r  use of t h e  unique p r o p e r t i e s  of s t r u c t u r a l  composites.  

Ul t imate ly ,  a l l  s t r u c t u r e s  m u s t  be i n t e r f a c e d  wi th  ‘ sk ins ,  c l i p s ,  doors ,  
r i b s ,  and longerons t o  permit  f i n a l  assembly. The s i z e  and complexity of 
u n i t i z e d  s t r u c t u r e s  i s  l i m i t e d  by a i r c r a f t  access requi rements ,  dimensional  
t o l e r a n c e  c o n t r o l  on t h e  u n i t i z e d  s t r u c t u r e s ,  and f a c t o r y  equipment c a p a b i l i t y .  
Costs  f o r  assembly o p e r a t i o n s  w i l l  not  f a l l  below 35 t o  40 percent  of t h e  t o t a l  
a i r f r ame  c o s t ,  u n l e s s  s i g n i f i c a n t  advances are made i n  manufactur ing methods. 
The t a s k s  t o  be performed i n  composite assembly o p e r a t i o n s  w i l l  be p a r t i c u l a r y  
important  because they are gene ra l ly  a s soc ia t ed  wi th  h igh  va lue  assembl ies  on 
which a j o i n i n g  e r r o r  could r e s u l t  i n  t he  l o s s  of t h e  e n t i r e  structure, thus  
nega t ing  t h e  assembly benef i t  gained by i n t e g r a l  cu r ing .  
f a c t u r i n g  method i s  needed no t  on ly  t o  reduce t h e  h igh  perccntagc  assc.inb1 y c*o : ; ts ,  
bu t  a l s o  t o  preserve  t h e  ga ins  made by i n t e g r a l  l amina t ing .  

An adv;inccvl m i i n t i - -  

I n  o rde r  t o  expand t h e  product ion base being achieved through compositcb 
product ion  programs, improvements must be  made i n  assembly methods t o  r e f l ec t  
t h e  fo l lowing  key c r i t e r i a  f o r  s t a t e -o f - the -a r t  composite s t r u c t u r e  assembly: 

0 Close c o n t r o l  of cover - to-subs t ruc ture  d r i l l i n g  parameters  t o  prevent  
de lamina t ion  

0 El imina t ion  of h igh ly  l abor  i n t e n s i v e  d r i l l i n g  o p e r a t i o n s  a s s o c i a t e d  
w i t h  imprec ise ly  loca t ed  s u b s t r u c t u r e s  a t  t h e  assembly s t a g e  
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0 D r i l l i n g  and coun te r s ink ing  ho le s  i n  a s i n g l e  o p e r a t i o n  us ing  s p e c i a l l y  
designed ca rb ide  t o o l s ,  and automating t o  d r i l l  a l a r g e  number of  ho le s  
r a p i d l y  . 

2 . 3 . 2  --__ Manufacturing development -_----- p l a n  approach.- The primary o b j e c t i v e  
of t h e  Manufacturing Development p l a n  i s  two-fold. F i r s t ,  t o  i d e n t i f y  a r t i c l e s  
and components t y p i c a l  of l a rge - sca l e  a i r c r a f t  f u s e l a g e s  which could  b e n e f i t  
most from t h e  adap ta t ion  of h igh  product ion  r a t e ,  commercial p l a s t i c / compos i t e  
i n d u s t r y  m a t e r i a l s  and processes .  Second, t o  i d e n t i f y  those  materials and 
p rocess ing  concepts  which would s a t i s f y  t h e  unique environmental  and s t r u c t u r a l  
requirements  of  a fuse l age  s t r u c t u r e .  

An e f f o r t  was undertaken t o  i d e n t i f y  f a m i l i e s  of metal p a r t s  f o r  which 
s u b s t a n t i a l  c o s t  sav ings  and p o t e n t i a l  weight  sav ings  could be r e a l i z e d  through 
t h e  e f f e c t i v e  u t i l i z a t i o n  of low-cost p l a s t i c / compos i t e  materials and manufactur- 
i n g  methods. Five f a m i l i e s  of p a r t s  were i d e n t i f i e d  as be ing  typical . ly  expensive 
m e t a l  hardware : 

1. High quan t i ty ,  moderately complex assembl ies  

2 .  P a r t s  r equ i r ing  h igh  energy forming and subsequent welding 

3 .  Chemical e tched  and machined d e t a i l s  

4 .  Par t s  r equ i r ing  drop-hammer forming 

5 .  Investment cas t ings .  

From each of t h e s e  c a t e g o r i e s ,  a cand ida te  demonstrat ion a r t i c l e  should be 
s e l e c t e d ,  w i t h  subsequent i d e n t i f i c a t i o n  of a s u i t a b l e  advanced composite 
material and process ing  method. A c o s t  a n a l y s i s ,  t h e r e f o r e ,  can be made where 
c o s t  f a c t o r s  such a s  t o o l i n g ,  material, f a b r i c a t i o n ,  subassembly, r e j e c t  ra te ,  
and material c o s t s  are as ses sed .  

The f i r s t  s t ep  i n  sc reen ing  t h e  p o t e n t i a l  material and process ing  combina- 
t i o n s  i s  t o  e s t a b l i s h  an  e f f i c i e n t  des ign  and an e f f e c t i v e  manufactur ing tech-  
nique f o r  each a r t i c l e .  E f f i c i e n t  a p p l i c a t i o n  of advanced composi tes  can only  
be accomplished through an e f f e c t i v e  i n t e g r a t i o n  of f l e x i b l e ,  i nnova t ive  des ign ,  
and cos t - e f f ec t ive  m a t e r i a l  and process  s e l e c t i o n .  The sc reen ing  p rocess ,  
t h e r e f o r e ,  w i l l  be  as fo l lows:  

1. Es t ab l i sh  candida te  processes  based on s t r u c t u r a l  and environmental  
requirements  f o r  t h e  a r t i c l e .  

a .  I n j e c t i o n  molding 

b.  Resin t r a n s f e r  molding (RTM) 

c. React ion i n j e c t i o n  molding (RIM) 

d.  Reinforced r e a c t i o n  i n j e c t i o n  molding (RRIM) 
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* 

e. P u l t r u s i o n  

f .  Filament winding 

g.  Compression molding 

h .  R o l l  forming 

i. Vacuum forming/hydro forming 

j .  Thermoforming 

k.  Ext rus ion  

1. Matched d i e  

m. Automated t a p e  placement. 

2 .  Develop conceptual s t r u c t u r a l  cnnf i g u r a t i o n s  rind design ; ipproacl icbs.  

3 .  I d e n t i f y  which of t he  s e l c c t c d  p rocesses  a r c  a p p l i c a b l e  t o  each d c . s i g n  
concept . 

4 .  I temize advantages and disadvantages f o r  each des ign  from s t r u c t u r a l  
and manufacturing p o i n t s  of view. 

5. S e l e c t  most s u i t a b l e  des ign  concepts.  

6 .  I d e n t i f y  p o t e n t i a l  materials f o r  each concept .  

7 .  S e l e c t  a concept .  

8. Assess automation p o t e n t i a l .  

The f i n a l  s e l e c t i o n  of t h e  materials and p r o c e s s e s  t o  be used i n  a manufac- 
t u r i n g  p l a n  of a l a r g e - s c a l e  f u s e l a g e  w i l l  b e  based on t h e  c o s t  a n a l y s i s .  
u n i t  c o s t s  w i l l  be es t imated on an a n t i c i p a t e d  product ion run of a cer ta in  
number of s h i p s e t s .  The fol lowing da ta  should be e s t a b l i s h e d :  

Per 

e Material c o s t  

0 Tooling c o s t  

0 Set-up t i m e  

0 Material s c r a p  rate 

0 Rejec t ion  rate 

0 Secondary o p e r a t i o n s  
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0 Assembly 

0 R e p a i r a b i l i t y  

2.3.3 Fabr i ca t ion  methods.- P o t e n t i a l l y ,  t h e  b e s t  way t o  make major c o s t  
r educ t ion  i n  composite manufacturing i s  t o  maximize t h e  unique c h a r a c t e r i s t i c s  
of composites by applying innovat ive  design/manufactur ing approaches.  A 
s i g n i f i c a n t  e f f o r t  is  underway 'to accomplish t h i s  by developing the fo l lowing  
manufactur ing processes .  

* 

Thermoplast ic  ma t r ix  composites appear  most promising f o r  manufactur ing 
c o s t  reduct ion  p r imar i ly  from the  f a c t  t h a t  t h e s c  materials can be 
processed much l i k e  shee t  a1 urninurn. In-house i n v e s t i g a t i o n s  hnvc idcln- 
t i f  i ed  s e v e r a l  so lven t  resistant the rmop las t i c s  t h a t  e x h i b i t  outs tandin) :  
m a t e r i a l  p r o p e r t i e s  such as toughness.  

0 Pul t rus ion  is  the  composite equ iva len t  of aluminum ex t rus ion  i n  w l i i c l i  
continuous f i b e r s  are p u l l  ed through a mold. This  i s  ;I we1 1-dcvc.1 o p ~ d  
process  f o r  i n d u s t r i a l  f i b e r g l a s s  forms, though e x i s t i n g  processes  usca 
res ' ins which have l imi t ed  mechanical p r o p e r t i e s .  

0 Braiding of  composite f i b e r s  provides  a h i g h l y  automated, low-cost com- 
p o s i t e  preform. It i s  a l s o  a s o l u t i o n  t o  t h e  problem of low inter- 
laminar  s t r e n g t h  p r e s e n t  i n  convent iona l  layups  due t o  t h e  l a c k  of 
through-thickness  f i b e r  o r i e n t a t i o n .  

0 Tuf t ing  i s  d i s t i n g u i s h e d  from sewing i n  t h a t  sewing r e q u i r e s  a mech- 
a n i c a l  means on bo th  t h e  top  and bottom of t h e  workpiece t o  loop t h e  
th read  and e s t a b l i s h  t h e  s t i t c h .  Tuf t ing ,  on t h e  o t h e r  hand, u t i l i z e s  
o n l y  a one-sided s t i t c h ,  l eav ing  t h e  Opp'JSite s i d e  free as a " t u f t "  of 
t h read .  The advantage of t u f t i n g  a p p e a r s  as a p r a c t i c a l  c o n s i d e r a t i o n  
when consider ing how one would s t i t c h  a very l a r g e  pane l  of composites 
o r  even a complete fuse l age  s e c t i o n .  T u f t i n g  e l  irninntes tlic rcqi i i rc~-  
ment fo r  massive machinery and r e q u i r e s  only a r e l a t i v e l y  1 iglitwcbiglit 
head mechanism t o  d r i v e  the  needle  through t h e  cornpositc. ma tc r id i .  

* Tuf t ing  has  been found t o  provide equ iva len t  s t r e n t h  t o  a s e w n  s t r u c t u r e  
when the t u f t s  have been p rope r ly  embedded i n  t h e  epoxy ma t r ix .  Both 
sewing and t u f t i n g  are h igh ly  amenable t o  automated p rocesses  and have 
been wel l  developed by t h e  garment i n d u s t r y .  Where appropr i a t e  as a 
replacement f o r  mechanical f a s t e n e r s ,  t h e s e  techniques  hold g r e a t  
promise t o  s i g n i f i c a n t l y  reduce j o i n i n g  p rocess  c o s t s  i n  a i r c r a f t  com- 
p o s i t e  s t r u c t u r e .  

0 Filament winding hold  a tremendous p o t e n t i a l  f o r  s u b s t a n t i a l  c o s t  re- 
duc t ion  of  composite s t r u c t u r e s .  Winding machines can wind 100 t o  
700 pounds of material pe r  hour and are normally opera ted  by two o r  
t h r e e  workers. A t  $50 pe r  man-hour and f i b e r  p l u s  r e s i n  a t  $18 p e r  
pound, t o t a l  c o s t  of l a y i n g  up 700 pounds of composites v a r i e s  be t -  
ween $18.21 and $19.50 p e r  pound. The comparable c o s t  f o r  manual 
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layup a t  1-1/2 pounds per  man-hour (withpreprcg at: $43/pourid) is 
$76.36  p e r  pound. Automated convent ional  layup a t  10 pounds/man-hour 
t r a n s l a t e s  i n t o  $48 pe r  pound. I n  a d d i t i o n ,  complete assembl ies  can be 
wound , reducing assembly cos t s .  

The c o s t  of t o o l i n g  has  also become a s i g n i f i c a n t  f a c t o r  i n  de te rmining  
whether composites are t o  be  used i n  product ion hardware. A p r e r e q u i s i t e  
imposed by Product ion  i s  t h a t  t oo l ing  b e  easy  t o  use  i n  o r d e r  t o  reduce l abor  
c o s t s ,  as w e l l  as, func t ion  r e l i a b l y  t o  reduce t h e  high c o s t  of rework. Impor- 
t a n t  f a c t o r s ,  t h e r e f o r e ,  i n  t h e  pre l iminary  development of t h e  t o o l i n g  and 
manufactur ing concepts  are: 

0 Establ ishment  of coord ina t ion  p o i n t s  r e q u i r e d  t o  main ta in  t h e  o r i e n t a -  
t i o n  of f i l a m e n t s  and t o  c o n t r o l  a l ignment  of d e t a i l s  

F e a s i b i l i t y  of u s i n g  formed o r  cas t  molds 

0 Use of c o n v e r t i b l e  assembly f i x t u r e s  t o  make l e f t  and r i g h t  handed p a r t s  
i n  one f i x t u r e  

0 Estab! islimciit o f  t a p e  p l accwcu t  p rocesses  f o r  l a r g e  t o r o i d a l  s h a p c b s  
and l a r g e  F la t  l amina tes  

0 Establ ishment  of s o l i d  phase p r e s s u r e  forming techniques f o r  advanced 
composite materials such as thermoplas t ics  

0 Establ ishment  of j o i n i n g  and f a s t e n i n g  methods 

Development of l a r g e  scale machinery t o  wind l a r g e  d iameter  c y l i n d r i c a l  
elements. 

F i n a l l y ,  as t h e  des ign  of  t h e  fuse lage  elements  p rogres ses ,  t h e  flow of 
d e t a i l  p a r t s  i n t o  assembl ies  and subassemblies and t h e  manufactur ing methods can 
be e s t a b l i s h e d .  Fabr i ca t ion  of each d e t a i l  p a r t  must t hen  be  eva lua ted  t o  
f i n a l i z e  a process ing  p lan .  The eva lua t ion  w i l l  i nc lude  t h e  fol lowing:  

0 Contour and f i t u p  requirements 

0 Layup 

I n t e g r a l l y  molded metal p a r t s ,  i .c . ,  metal f i t t i n g s  t o  composi tes  

0 I n t e g r a l l y  cocured c o r e  c o n s i s t i n g  of s y n t a c t i c  foams o r  honeycombs 

0 Bleeder systems 

0 Edge t r i m  

0 Bagging methods 
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0 Autoclave cure  o r  p r o j e c t  t o o l  : 

0 Oven post-cure 

0 Trimming 

0 Fin i sh ing  and s e a l i n g  requirements  

0 Handling and sh ipping  methods \ 

0 End-item inspec t ion .  '. 

Establ ishment  of t h i s  p l a n  becomes t h e  b a s i s  f o r  t h e  development of t h e  
q u a l i t y  c o n t r o l  plan,  t o o l i n g  concept ,  and shop work o rde r s .  A planning e f € o r t  
i s  thus  r equ i r ed  to  i n c r e a s e  t h e  e f f i c i e n c y  and p a r t  f low of the manufacturing 
e f f o r t .  Above a l l ,  t h e  v a r i o u s  e f f o r t s  must be coord ina ted  t o  ensu re  e f f e c t i v e  
process ing .  

2 .  3 . 4  AuLoinatcd [:ihric'iLioii.- _ _ _  __....._ A I  tlioui;li coiiipositc. striic Lurcbs :it-c' currcbiiL l y  
b e i n g  inanuIac.Liired i n  product ion s h o p s ,  tt1c.y arc o r t c a n  twiilg pruduccd i n  < I  

ve ry  i n e f f i c i e n t  manner. The i n d u s t r y  is i n  i t s  nascent  s t a g e  of understanding 
automated product ion,  product ion  p lanning ,  and t h e  a s s o c i a t e d  m a t e r i a l  and d e t a i l  
f low throughout t h e  product ion  shops.  A s  t h e  a i r f r ame  i n d u s t r y  moves toward t h e  
next  g e n e r a t i o n  of advanced composite a i r c r a f t ,  dea l ing  wi th  more and l a r g e r  
s t r u c t u r e s ,  t h e  manufacturing and assembly procedures  c u r r e n t l y  being used t o  
f a b r i c a t e  t h e  composite s t r u c t u r e s  must change. To expand the c u r r e n t  produc- 
t i o n  base  and t o  drive the p r e s e n t  and f u t u r e  c o s t  down, p rogres s  must be made 
i n  t h e  development and v a l i d a t i o n  of automated f a b r i c a t i o n  and assembly c e n t e r s .  

Recent developments i n  dec reas ing  c o s t s  of g r a p h i t e  based composi tcs ,  
advances i n  low cos t  manufacturing techniques and new material  forms, coupled 
w i t h  s i m p l i f i e d  design concepts  have generated a p o t e n t i a l  f o r  r educ t ions  i.n 
manufactur ing c o s t s  and f o r  h igh  volume product ion of composite assembl ies .  
Emphasis has  been d i r e c t e d  on i n d i v i d u a l  development of s p e c i a l i z e d  equipment 
f o r  automated d ispens ing ,  c u t t i n g ,  and placement of advanced composite material  
forms. Even wi th  t h e s e  developments,  however, t h e  t a s k s  remain l abor  intcnsivcl .  

Extens ive  development must be mndc t o  implement automation,  v i s  a v i s  com- 
p u t e r  i n t e g r a t e d  manufacturing (CIM)  , i n  a r e a s  of Composite p a r t s  f a b r i c a t  i o n ,  
assembly, m a t e r i a l  d i s t r i b u t i o n ,  q u a l i t y  assurance ,  and product ion  c o n t r o l .  
Emphasis must be placed on f l e x i b l e  manufacturing systems because of the nor- 
m a l l y  low product ion rates f o r  l a r g e  t r a n s p o r t  a i r c r a f t .  

C I M  embraces s i x  a r e a s  of computing technology: computer-aided des ign ,  
group technology (a type  of sof tware  f o r  coord ina t ing  process  p lanning ,  sched- 
u l i n g ,  materials requirements ,  des ign  and manufac tur ing) ,  manufactur ing p lanning  
and c o n t r o l ,  automated materials handl ing ,  computer-aided manufactur ing,  and 
r o b o t i c s .  Through t h e s e  means, C I M  can provide computer c o n t r o l  t o  a l l  manu- 
f a c t u r i n g  and bus iness  func t ions .  
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. 
C I M  i s  a unique way of organizing a manufactur ing bus iness .  To implement 

i t  i n  t h e  aerospace  i n d u s t r y ,  a p lan  of a t t a c k  is  requ i r ed .  Clear goa l s  w i t h  
d e f i n i t i v e  s t e p  by s t e p  p l ans  are necessary.  I n  p repa r ing  f o r  automation, i t  
is  important  t o  cons ider  what f u t u r e  developments are l i k e l y  t o  be a v a i l a b l e  so  
t h a t  one i s  no t  locked ou t  of us ing  a new technology.  

2.3.5 Summary.- I n  conclus ion ,  t o  f a b r i c a t e  s t r u c t u r a l  shapes and assemble 
them i n t o  a l a r g e  f u l l - s c a l e  fuse lage  i n  a c o s t  e f f e c t i v e  manner, s eve ra l  key 
areas of  manufacturing must be addressed. F i r s t ,  new f a b r i c a t i o n  methods and 
materials must b e  implemented t o  make s i m p l i f i e d  des ign  concepts .  Second, a 
manufactur ing and assembly p l a n  must be developed, and t h i r d ,  C I M  methods must 
be a p p l i e d  t o  t h e  manufactur ing and assembly p l an .  It is  es t imated  t h a t  a c o s t  
r educ t ion  of approximately 25% can be r e a l i z e d  when t h e  above methods are devel-  
oped and implemented. The technologies  a re  a v a i l a b l e  though methods of imple- 
mentat ion have y e t  t o  b e  app l i ed .  However, i n  o r d e r  t o  j u s t i f y  conversion t o  
l a r g e  scale composite f u s e l a g e  product ion a t  t h i s  t i m e ,  ex t ens ive  expendi tures  
f o r  c a p i t a l  equipment and a d d i t i o n a l  development would b e  r equ i r ed .  

2.4 Design V e r i f i c a t i o n  

The complete t e s t  program required t o  provide  t h e  confidence t o  commit t o  
t h e  product ion  of advanced composite f u s e l a g e s  f o r  l a rge - t r anspor t  a i r c r a f t  
c o n s i s t s  of t h r e e  phases .  

The f i r s t  phase is  concept development t e s t i n g .  This  phase not o n l y  
p rovides  d a t a  on t h e  va r ious  concepts f o r  each component but  a1 so  1)rovidc.s 
v e r i f i c a t i o n  of a n a l y t i c a l  methods and s o l u t i o n s  f o r  technology problems. 
These tests w i l l  involve  a wide range of des ign  concep t s ,  each of which s a t i s f y  
one o r  more t4chnology i s s u e s .  

The second phase i s  concept eva lua t ion  where t h e  concepts  developed i n  
t h e  f i rs t  phase are i n t e g r a t e d  and evaluated w i t h  r e s p e c t  t o  a l l  t h e  des ign  
c r i t e r i a  and technology i s s u e s .  This phase a l s o  invo lves  t h e  t e s t i n g  of 
concepts  designed wi th  c o n s i d e r a t i o n  of advanced manufactur ing techniques .  
The r e s u l t s  of t h i s  phase w i l l  be t o  narrow concepts  i n t o  one o r  two g e n e r a l l y  
v i a b l e  conf igu ra t ions .  

The t h i r d  and f i n a l  phase is the f u s e l a g e  technology demonstrat ion phase.  
The p r e f e r r e d  c o n f i g u r a t i o n  i s  now s e l e c t e d  and a f u l l - s c a l e  b a r r e l  s e c t i o n  is  
designed and f a b r i c a t e d  f o r  ground t e s t .  Some concept  v e r i f i c a t i o n  t e s t i n g  . 
w i l l  b e  performed dur ing  the d e t a i l  design.  
- 

The f i r s t  phase is  being addressed i n  t h e  Fuselage C r i t i c a l  Technology pro-  
grams. These programs are designed to  provide  some of t h e  answers f o r  the tech- 
nology i s s u e s  which are  addressed i n  S e c t i o n  1.1. I n  t h e s e  C r i t i c a l  Technology 
programs Lockheed i s  developing technology f o r , a c o u s t i c  t ransmiss ion  and impact 
dynamics, Boeing i s  developing technology f o r  p r e s s u r e  containment ,  damage t o l -  
e r ance  and pos t  buckl ing ,  and Douglas is developing technology f o r  cu t -ou t s ,  
j o i n t s  and d u r a b i l i t y .  

The second and t h i r d  phases  of the t e s t  program are summarized i n  Table 32. 
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The f u l l - s c a l e  b a r r e l  test program f o r  t h e  f u s e l a g e  technology demonstra- 
t i o n  w i l l  be  performed i n  a number of phases .  A schematic  of t h e  test se tup  
i s  shown i n  Figure 31. 
This  w i l l  involve t e s t i n g  t h r e e  cond i t ions :  
bending, and maximum t o r s i o n .  
p re s su re .  
s t r u c t u r e  i s  behaving as a n t i c i p a t e d .  

The f i r s t  phase c o n s i s t s  of a s t a t i c  test t o  l i m i t  load.  

All t e s t i n g  w i l l  i n c l u d e  t h e  a p p r o p r i a t e  i n t e r n a l  
maximum down bending,  maximum up 

The r e s u l t s  of t h e s e  tests w i l l  be  eva lua ted  t o  determine t h a t  t h e  

The second phase w i l l  involve  a f a t i g u e  test f o r  one l i f e t i m e  t o  v e r i f y  
the s t r u c t u r a l  d u r a b i l i t y .  

The t h i r d  phase w i l l  involve  € a i l - s a f e  t e s t i n g  w i t h  major damage i n f l i c t e d .  
One f l i g h t  of loads w i l l  be  app l i ed  w i t h  a p p r o p r i a t e  f a c t o r s .  

The major damage w i l l  then be r e p a i r e d  and s m a l l  damage due t o  impact w i l l  
be i n f l i c t e d  a t  predetermined c r i t i c a l  l o c a t i o n s .  The f o u r t h  phase w i l l  t hcn  
be a second l i f e t i m e  of f a t i g u e  load ing  t o  e s t a b l i s h  t h a t  t h e  damage t o l e r a n c e  
c r i te r ia  have been met and t o  v a l i d a t e  t h e  r e p a i r s .  In spec t ion  w i l l  be per-  
formed a t  r egu la r  i n t e r v a l s  and r e p a i r s  performed as r equ i r ed .  

The f i f t h  p h a s e  w i l l  involve  s t a t i c  t e s t i n g  t o  Design U l t i m a t e  Loads wi th  
a p p r o p r i a t e  f a c t o r s  t o  account f o r  envi,ronmental e f f e c t s .  The s a m e  cond i t ions  
t e s t e d  i n  t h e  f i r s t  phase w i l l  be a p p l i e d .  F i n a l l y  a s t a t i c  test t o  f a i l u r e  
w i l l  be performed . 

A schedule  fo r  t he  f u l l - s c a l e  b a r r e l  ground t e s t  i s  shown i n  Figure 3 2 .  
The approximate man-year e f f o r t  is shown w i t h  each tes t .  

Figure 31. - Schematic of b a r r e l  test se tup .  
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Figure  32. - F u l l - s c a l e  b a r r e l  ground tes t  schedule .  

3.  PROGRAM SCHEDULE AND RESOURCE REQUIREMENTS 

A schedule  h a s  been developed f o r  t h e  fuse l age  technology demonstrat ion 
program and an  estimate of t h e  manpower r e sources  t o  accomplish t h e  prngr;im 
h a s  been made. 

The proposed Fuselage Technology Demonstration program w i l l  c o n s i s t  o f  
s i x  t e c h n i c a l  phases:  Kngineering Dcvcl opment , Manufacturing Development, 

1 Design Development Tests, Tool Design and F a b r i c a t i o n ,  Barrel F a b r i c a t i o n  and 
Va l ida t ion  Tes t ing .  A program schedule i s  dep ic t ed  i n  F igure  33 and t h e  
engineering/manufacturing man yea r s  a r e  shown. Management and r e p o r t i n g  w i l l  
add approximately 20% f o r  a t o t a l  of 278  man yea r s .  

The b a r r e l  s e c t i o n  designed w i l l  be 20 f e e t  i n  l e n g t h  and 1 9  feet  7 i nches  
i n  d iameter .  It w i l l  con ta in  doors  and windows and a t  l e a s t  one f e a t u r e  input-  
t i n g  a h i g h  loca l  load .  Tlie des ign  w i  I1 i i icorp'oratc a1 1 t he  t cchno log ic~s  dc>vel- 
oped under t h e  e a r l i e r  programs inc luding  f u l l  impact dynamics t r ea tmen t s .  An 
indep th  a n a l y s i s  w i l l  be performed to  e v a l u a t e  f u l l y  t h e  3-D loading  e f f e c t s  on 
t h e  s t r u c t u r e .  During the d e t a i l  design phase key areas w i l l  be  i d e n t i f i e d  f o r  
des ign  development t e s t i n g .  

Because of  t h e  s i z e  of t h e  b a r r e l  s e c t i o n ,  a lmost  20 E t  i n  d i ame te r ,  ii 

c e r t a i n  amount of Manufacturing Development w i l l  be r equ i r ed .  A manufactur  ing 
p l a n  d e t a i l i n g  the  f a b r i c a t i o n  and nssclmbly proccdi1rc.s w i l  I bc- prcparcd c1;ir-l y 
i n  t h e  program. During t h e  Manufacturing Development, ii p a r a l l e l  eCfort w i l  1 
b e  conducted t o  develop t h e  nondes t ruc t ive  in spec t ion  procedures  and methods t o  
e n s u r e  s t r u c t u r a l  i n t e g r i t y .  Every e f f o r t  must be  made t o  employ product ion-  
type  t o o l i n g  and f a b r i c a t i o n  methods, p a r t i c u l a r l y  automated methods f o r  f a b r i -  
c a t i o n  of  such t h i n g s  as frames,  s t r i n g e r s ,  and f l o o r  beams. A number of l a r g e  
pane l s  and o t h e r  components w i l l  be f a b r i c a t e d  du r ing  t h i s  phase.  Nonautoclave 
cu r ing  techniques  w i l l  be e x p l o i t e d .  
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Figure  3 3 .  - Fuselage technology demonst ra t ion  schedule .  

The Design Development ‘l‘c.st phase will be coord ina ted  w i t h  t h e  Mnnuractur ing  
Development phase as fa r  as is p o s s i b l e  so tlinL L h c ’  t t s t  p a r i c . 1 ~  w i l l  Lx. t l i c x  p o n o l s  
f a b r i c a t e d  dur ing  t h e  Manufacturing 1)eveIopmcnt. ‘rc’sts to I IC.  p c ~ r l o r n l ~ d  c l u r  i n ?  
t h i s  phase w i l l  inc lude ,  but  not  neccassarily bci 1 i m i t c d  to  ra i l - s i fc . ,  m . i j o r  
load inpu t  d e t a i l s ,  l i g h t n i n g  s t r i k e ,  combined 10ilds on environmental ly  con- 

dependent on the  r e s u l t s  of t h e  r e l a t e d  technology development programs. 
I d i t i o n e d  pane l s  and major j o i n t s  and s p l i c e s .  The exac t  tes t  program w i l l  be 

Tool des ign  and f a b r i c a t i o n  w i l l  be o r i e n t e d  t o  provide  t o o l i n g  which i s  
r e p r e s e n t a t i v e  of product ion  approaches a l though n o t  n e c e s s a r i l y  ra te  t o o l i n g .  
Tool ing w i l l  be  designed t o  t a k e  advantage of automated f a b r i c a t i o n  techniques  
a v a i l a b l e  a t  t h a t  t i m e .  I 

I 

F a b r i c a t i o n  of t h e  b a r r e l  s e c t i o n  w i l l  be  performed by t h e  product ion  
p l a s t i c s  shop. Product ion p lanning  and on-l ine in spec t ion  w i l l  b e  used and 
every  e f f o r t  w i l l  b e  made t o  employ automated i n  p r o c e s s  c o n t r o l s .  

The v a l i d a t i o n  test program i s  d i scussed  i n  Sec t ion  2 . 4 ,  Design 
V e r  i f  icat  ion .  

3.1 Rela t ionship  of Other  Composites Technology Programs 
P 

. .  
There are programs c u r r e n t l y  underway and planned which could  provide  some 

of t h e  d a t a  and technology needed f o r  a composite f u s e l a g e ,  i n  p a r t i c u l a r ,  t h e  
development of new improved materials and p rocesses .  
improved materials i s  l a r g e l y  t h e  r e s p o n s i b i l i t y  of t h e  vendors  and because 

The development of 

, of t h e  p o t e n t i a l  b u s i n e s s ,  t h i s  i s  indeed occur r ing .  Improved p r o c e s s e s  and 
I c o n t r o l s  of process ing  are t h e  a i m  of several e x i s t i n g  c o n t r a c t s  and w i l l  pro-. 

v i d e  inc reased  r e l i a b i l i t y  and reduced c o s t .  
development i s  included i n  t h e  proposed program. 

No material or  b a s i c  p rocess ing  
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The Wing Key Technology Programs are provid ing  a b a s i s  f o r  damage t o l e r -  
ance,  l i g h t n i n g  p r o t e c t i o n ,  and t h e  design of major j o i n t s .  The Fuselage Tech- 
nology programs w i l l  examine the  major technology i s s u e s  a s s o c i a t e d  wi th  com- 
p o s i t e  fuse l ages :  a c o u s t i c  t ransmiss ion ,  impact dynamics, p re s su re  containment , 
damage t o l e r a n c e ,  cu t -outs ,  j o i n t s ,  d u r a b i l i t y ,  and p o s t  buckl ing .  These pro- 
grams w i l l  inc lude  p e r i o d i c  technology t r a n s f e r  workshops t o  maximize the  f low 
of d a t a  among t h e  c o n t f a c t o r s .  

Various NASA and DoD programs, bo th  in-house and c o n t r a c t u a l  i n  the  RD 
and T areas are a l s o  c o n t r i b u t i n g  t o  t he  technology d a t a  bank wi th  new analy-  
t i c a l  methods and work on s p e c i f i c  i s sues  such as  p o s t  buckl ing ,  damage t o l e r -  
ance ,  and i m p a c t  dynamics. 

The USAF Vusclage Mantech program is based on a 15 foot  diameter  fusc~ la ,qe  
s h e l l .  One key area where t h i s  program may provide d a t a  w i l l  b e  i n  t he  r a b r i -  
c a t i o n  of frames. 
cargo  t r a n s p o r t  a i r p l a n e s  can have fuse l age  d iameters  w e l l  i n  excess  of IS fee t .  
Manufacturing technology is n o t  normally s c a l a b l e .  Large f u s e l a g e s  canndt  be 
economically o r  r e l i a b l y  f a b r i c a t e d  i n  one piece o r  even i n  one-piece b a r r e l  
s e c t i o n s .  Large pane l  assembl ies  would need s p e c i a l  t o o l i n g  and could  n o t  
g e n e r a l l y  be au toc lave  cured.  An assessment of t h e  p o s s i b l e  technology t r ans -  
L e i -  i r u u t  Lite Fuselage 'Mantech program cannot be made a t  t h i s  t i m e .  

Commercial wide body passenger  t r a n s p o r t s  and l a r g e  m i l i t a r y  

The Fuselage Technology I n t e g r a t i o n  program w i l l  p rovide  gene r i c  d a t a  t o  
t h e  indus t ry .  
s p e c i f i c  s t r u c t u r a l  requi rements ,  design approaches and f a b r i c a t i o n  methods. 
The e f f e c t s  of t h i s  program were thus  no t  inc luded  i n  t h e  development of t h e  
r e source  requirements  shown i n  Figure 32.  

The r e s u l t s  of t h e  program w i l l  be p r i m a r i l y  a p p l i c a b l e  t o  

An assessment w a s  made of t h e  maximum p o t e n t i a l  i n p u t  from o t h e r  programs 
i n  o r d e r  t o  e s t a b l i s h  a lower bound for  t h e  Fuselage Technology Demonstration 
program. The p o s s i b l e  r e l a t i o n s h i p  between t h e  programs i s  shown i n  Figure 3 4 .  

4 .  CONCLUDING REMARKS 

Th i s  s tudy  has  def ined  t h e  technology i s s u e s  , t h e  m i l i t a r y  and commercial 
b e n e f i t s  and a p l an  f o r  development of  t h e  technology r e a d i n e s s  t o  enab le  a 
product ion  commitment t o  be made i n  the  1990's  f o r  an advanced composite fuse-  
l age  on a l a r g e  t r a n s p o r t  a i rcraf t .  

The technology i s s u e s  i n  need of r e s o l u t i o n  i n  o rde r  of urgency are: 
impact dynamics, a c o u s t i c  t ransmiss ion ,  j o i n t s  and s p l i c e s ,  p r e s s u r e  conta in-  
ment, p o s t  buckl ing ,  s h e l l  c u t o u t s ,  automated manufactur ing,  p rocess ing  
s c i e n c e ,  e l ec t romagne t i c  e f f e c t s ,  repa i r ,  NDE/NDI, and f lame,  smoke and tox- 
i c i t y .  
The major i s s u e s  are e s s e n t i a l l y  t h e  same f o r  bo th  m i l i t a r y  and commercial 
a i r c r a f t  . 

Damage t o l e r a n c e  and f a i l - s a f e t y  are inc luded  under p r e s s u r e  containment.  
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Figure  3 4 .  - Rela t ionsh ip  of composites technology programs 
and o v e r a l l  schedule.. 
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The f i r s t  s i x  i t e m s  l i s t e d  are the most important .  The impac t  dynamics 
i s s u e  is  u rgen t  because i t s  r e s o l u t i o n  may a f f e c t  t h e  b a s i c  s t r u c t u r a l  con- 
c e p t s  of t h e  lower f u s e l a g e  s h e l l .  Acoustic t ransmiss ion  is  urgent  because 
the magnitude of t he  problem must be  def ined t o  determine i f  t h e  weight of 
a c o u s t i c  t rea tment  needed w i l l  nega te  the weight saved by us ing  advanced com- 
p o s i t e s .  J o i n t s  and s p l i c e s  are urgent  from the  p o i n t  of view of t h e  frame- 
to-skin j o i n t s  and t h e  ques t ion  of whether mechanical a t tachment  is  r e q u i r e d  
a long  w i t h  bonding. P r e s s u r e  containment i s  ranked fou r th  on the  b a s i s  o€  
t h e  f a i l - s a f e  design a s p e c t s  which must be reso lved .  Post-buckling has  a11 

impact on both p re s su re  containment and j o i n t s  and s p l i c e s .  S h e l l  cu tou t s  
and reinforcement  can a f f e c t  t h e  b a s i c  s h e l l  des ign  f o r  passenger a i r c r a f t  
and can in t roduce  s i g n i f i c a n t  out-of-plane s t r e s s e s .  The r e s o l u t i o n  of t hese  
i s s u e s  i s  now t h e  s u b j e c t  of t h e  Fuselage C r i t i c a l  Technology programs. The 
remaining i s s u e s  are subord ina te  t o  these major i s s u e s  and w i l l  be reso lved  
i n  t h e  o v e r a l l  fu se l age  technology development program. 

The b e n e f i t s  ana lyses  i d e n t i f i e d  cos t  and weight  s av ings  from t h e  incorpora-  
t i o n  of  advanced composites i n  fuse l age  s t r u c t u r e s  and i n  t h e  o v e r a l l  a i r p l a n e  
s t r u c t u r e .  S t r u c t u r e  weight  s av ings  of 16 pe rcen t  and 22 pe rcen t  are p ro jec t ed  
f o r  commercial and m i l i t a r y  f u s e l a g e s  r e s p e c t i v e l y .  For t h e  a l l  composite air- 
c r a f t  s t r u c t u r e  weight s av ings  are 26 percent  f o r  commercial and 29 pe rcen t  f o r  
m i l i t a r y  . 

Commercial t o t a l  o p e r a t i n g  c o s t s  a r e  reduced by 5 t o  6 percen t  f o r  t h e  
a l l  composite a i r p l a n e  and r e t u r n  on investment improvements of up t o  48 percent  
were p ro jec t ed .  The m i l i t a r y  l i f e  cyc le  c o s t s  were reduced by 10 percent  f o r  
t h e  a l l  composite a i r p l a n e .  There i s  a l a c k  of product ion  c o s t  d a t a  f o r  l a r g e  
composite s t r u c t u r e s  so  ana lyses  are open t o  in tc rpre t i iL ion .  Howevcr, i t  is 
l i k e l y  t h a t  automation w i l l  have a more s i g n i f i c a n t  e€fec t  on  reducing c o s t s  
of  composite s t r u c t u r e s  than  on metallic s t r u c t u r e s  because of t h e  l a r g e  cocured 
assembl ies  and t h e  r e s u l t a n t  reduced assembly requirements .  Manufacturing c o s t  
s av ings  are t h u s  dependent on the degree of automation.  

A t e s t  p l a n  w a s  developed summarizing t h e  requi rements  f o r  t h e  planned 
Technology I n t e g r a t i o n  program and t h e  proposed Technology Demonstration 
program. 

The proposed Fuse la t e  Technology Demonstration program w a s  developed from 
a review of t h e  program op t ions .  The op t ions  inc luded  component t e s t i n g ,  
b a r r e l  s e c t i o n  t e s t i n g ,  and f u l l - s c a l e  f u s e l a g e  t e s t i n g  w i t h  t h e  a d d i t i o n a l  
o p t i o n s  o f  ground test o r  f l i g h t  t e s t .  

The proposed program invo lves  approximately 278 man-years of e f f o r t  over  
a 5-year pe r iod .  The program c o n s i s t s  of s i x  t e c h n i c a l  phases;  Engineer ing 
Development, Manufacturing Development, Design Development Tests ,  Tool Design 
and F a b r i c a t i o n ,  Barrel Fabr i ca t ion  and V a l i d a t i o n  T e s t s .  The program culmi- 
n a t e s  i n  t h e  des ign ,  f a b r i c a t i o n  and t e s t  of a f u l l - s c a l e  b a r r e l  s e c t i o n .  
This  program o f f e r s  t h e  most cos t - e f f ec t ive  approach t o  provid ing  t h e  t e c h n i c a l  
and manufactur ing confidence r equ i r ed .  The proposed program is  beyond t h e  e f f o r t  
of t h e  c u r r e n t  technology development programs. 
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A f u s e l a g e  s t r u c t u r e  i s  sub jec t ed  t o  m u l t i - a x i a l  l oad ing  induced bv 
bending, t o r s i o n  and p r e s s u r e  loading.  The frames and f l o o r  support  s t r u c t u r e  
and t h e  l a r g e  cu tou t s  f o r  passenger  and cargo d o o r s  induce s i g n i f i c a n t  out-of- 
p l a n e  loads  i n  the s t r u c t u r e .  The i n t e r a c t i o n  of t h e  v a r i o u s  s t r u c t u r a l  e le-  
ments and loads  can only be p rope r ly  s imulated by t h e  t es t  of a f u l i - s c a l e  
b a r r e l  s e c t i o n  or  a complete fuse l age .  However, t e s t i n g  of a complete fuselage 
does n o t  o f f e r  a n y  s i x n i  f i c a n t  improvclment i n  technology tlcimonsL ra t io l i  whcnn 
compared wi th  tcs t i i ig  i i  f i l l  I - - s c . a I c ~  I)<irrcl s c c - t i o n  ; t i i d  doc,:,  no^ j u s t  i Ty iii  '111y 

way  t h e  s i g n i f i c a n t l y  incrcascd c o s t .  

S i m i l a r l y ,  manufacturing technology is  n o t  " s c a l a b l e , "  t h a t  i s  , t h e  t e c h  
n i q u e s  and p rocesses  f o r  f a b r i c a t i o n  and assembly of a s m a l l  diameter c y l i n d e r  
are n o t  t h e  same as  f o r  a l a r g e  diameter c y l i n d e r .  Consequently, f a b r i c a t i o n  
of a f u l l - s c a l e  b a r r e l  s e c t i o n  i s  necessary  t o  v a l i d a t e  t h e  manufactur-ing tech- 
nology f o r  a large t r a n s p o r t  composite f u s e l a g e .  

1. 

2. 

3. 

4 .  

5. 

6 .. 

7. 
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